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OPENING ADDRESS 
In 1970 the Nordic Council gave a recommendation concerning water pollution 
control measures in the Baltic Sea Area. This was followed by the recommendation 
of the Nordic Council of Ministers on the extention of research activities on the 
pollution of the seas. On the basis of the latter recommendation, a cooperation 
agreement concerning studies and research activities on pollution and related problems 
of the Gulf of Bothnia was signed on December 1, 1972, between the Institute of 
Marine Research and the National Board of \X/aters for Finland and the National 
Environment Protection Board of Sweden. 
The aim of the agreement was to create a common basis of knowledge for the 
decision-making of both countries as regards the protection of the sea area. To this 
end both parties jointly carry out research programmes on pollution and related 
problems of the Gulf of Bothnia. The objectives of the joint research activities are 
primarily: 
to state long-term changes in the hydrographical, hydrochemical, biological and 
sedimentological conditions of the Gulf of Bothnia; 
— to study the present state of the Gulf of Bothnia, especially pollution; 
to investigate the material balance of this sea area. 
In accordance with the agreement, the Committee for the Gulf of Bothnia has 
been established for its implementation. Both countries nominate four members and 
their substitutes to this committee. The committee has held a meeting once a year, 
alternately in either country. The sixth meeting of the committee was held yesterday. 
The committee has a permanent working group, which meets when necessary between 
committee meetings and which thoroughly prepares the matters on the agenda of 
the committee's annual meeting. 
During the five years during which the committee has operated, much progress has 
been made in clarifying and coordinating research on the Gulf of Bothnia. The 
Committee for the Gulf of Bothnia has also sought to plan the research activities 
over a longer period so that the resources available can be allocated to the most 
pressing tasks. 
2, 
The cooperation agreement states that the research activities should as much as 
possible be co-ordinated with research activities in the neighbouring sea areas. The 
aim was clearly to point out the fact that research performed on the Gulf of Bothnia is 
well able to promote wider international cooperation for the prevention of pollution of 
sea areas. At the time that the agreement on the Gulf of Bothnia was signed, the 
Convention on the Protection of the Marine Environment of the Baltic Sea Area 
did not yet exist. Today nobody works alone on the Baltic Sea. Research on the 
Baltic Sea is supported by both bilateral agreements, i.e. between Finland and the 
Soviet Union, and by multirateral agreements, fore mentioned Convention on the 
Baltic Sea. However, it must be clearly stated that the Convention on the Baltic Sea 
does not substitute for the bilateral agreements. On the contrary, activities carried 
out on the basis of the agreement on the Gulf of Bothnia, such as information ex-
change, coordination of research and drawing of conclusions, form a kind of model 
to be followed and implemented also with regard to the Baltic Sea. Concrete results 
on the Gulf of Bothnia are the best challenge to the protection of the whole 
Baltic Sea. 
The seminar about to begin is the first of its kind. The idea of arranging a seminar 
has grown gradually, and the final decision to arrange it was made at last year's 
annual meeting. A seminar was considered to be a good way of getting the most 
valid picture of the present state of the Gulf of Bothnia. The highest authorities 
on the Gulf of Bothnia from both countries are now assembled here. Twenty-six 
high-quality scientific reports have been received to serve as the basis for the discus-
sions at this seminar. As the research reports and the possible conclusions will be 
published in the publication series of the Institute of Marine Research, they 
together form a unique store of knowledge for all those engaged on these problems. 
The City of Vaasa was chosen as the site of this first official seminar on the Gulf 
of Bothnia. The choice is surely appropriate for here in and around Vaasa the research 
and the protection of the sea are highly appreciated. The sea is important for the 
local people. There has already been one seminar on the sea here; this was arranged 
in connection with the »Vaasa Summer». A few years ago, in the neighbouring 
town of Pietarsaari, a conference on the Quark was organized in which exports 
from both Finland and Sweden participated. The City of Vaasa as well as the Vaasa 
Water District have in many ways both participated in the preparations of this 
seminar. I wish to thank them most warmly on behalf of everyone attending the 
seminar. 
The Gulf of Bothnia is considered to be easily vulnerable; nevertheless, the state 
of the sea is still supposed to be good. We administrators hope that this seminar 
vill help to throw light on this matter, even though we fully understand the complexity 
of assessing the state of a sea and its development. Even if this goal cannot be achieved, 
this seminar is important for the opportunity it gives to the experts in the field to 
meet each other and create personal contacts. Good cooperation between the pro-
ducers and users of knowledge is nowadays very important, even essential. 
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Most of the reports for this seminar have been written in English. The seminar 
organizers hope that the linguistic problems will not prevent free discussion. Any 
good ideas or clear statements may be expressed in all three languages: Finnish, 
Swedish or English. I am sure we can all help each other to overcome any language 
dificulties. 
On behalf of the seminar organizers, I welcome all participants. It is a pleasure 
to note that so many of those invited have been able to come here to Vaasa. We 
are especially glad to have so many eminent Swedish friends here with us. 
As I now open the seminar I wish it the very best success. Our joint objective 
is to prevent the pollution of the Gulf of Bothnia. I believe that this seminar well 
serves this objective. 
Vaasa, 8 March 1978 
Simo Jaaknen 
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GEOCHEMISTRY, MINERALOGY AND ORIGIN 
OF THE SEDIMENTS IN THE GULF OF BOTHNIA 
Kurt Boström, Jan Ola Burman, Birgitta Boström, Christer Ponter, Solweigh Brandlöf 
and Berit Alm. 
Dept of Economic Geology University of I.ule t 
951 87 Luleå, Sweden 
The quarernary sediments in the Gulf of Bothnia consist of shallow water 
deposits (SWD) and deep water deposits (DWD). S\VD is generally found 
at depths of 50-60 meters or less in open waters and D\\/D at larger depths, 
but D\\1D does also occur in some protected depressions where bottom depths 
may be 20-30 meters or less. D\VD represents Postglacial deposits, whereas 
S\\/D represents more or less reworked tills. SWD largely consist of little altered 
rock detritus and are rich in silty, sandy or coarser fractions. D\VD contains 
much clay sized material, but silts and sand may occur occasionally. 
In general SWD are rich in quartz and feldspars, whereas the D\\''D are 
poor in these minerals, but instead show higher contents of x-ray amorphus 
(background producing) matter, and clay-minerals. The relation Uuartz-
Feldspar also varies latitudinally, the feldspar-richest sediments occurring 
towards the North. 
DWD are enriched in Ti, Fe, Mn, Ba and probably some trace elements 
(e.g. Cu, Cr) whereas S\VD are relatively rich in Si. Al, Ca, Na, and some 
traces occur in the same concentrations in both sediment types. 
D\VD are identical to average shale in composition and SWD to average 
granite. This is probably due to a mechanical action, the panning of sediments 
by waves, bottom currents etc. preferentially moving clay and mica minerals 
into the deep basins, whereas coarse weathering residues, rich in quartz and 
feldspar, remain in shallow waters. 
Iron-manganese concretions occur extensively on the bottom areas that 
:tre protected from excessive abrasion and rapid accumulation. The nodules 
in the Bothnian Bay, are richer in Mn, Cu, Ni and Co than in other parts 
of Gulf of Bothnia. 
It is concluded that, in addition to organic matter, also hydroxides and 
other fines may be important adsorbers of pollutants in sediments. 
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INTRODUCTION 
Only few studies have been made of the sediments in the Gulf of Bothnia. This is 
remarkable in view of the attention that has been given e.g. the Quaternary land 
deposits in Finland and Sweden, and the fact that the Gulf locally is an important 
recipient of wastes from industries, communities, etc. However, the studies of the 
Quaternary have largely been focused on those geological aspects that may illuminate 
the general Postglacial history of Fennoscandia, such as changes in sealevels, whereas 
little attention has been paid to the marine-geological aspects. Indeed, in view of 
the complex provenance relations compared to many other areas of the World Ocean, 
the geology of this area must be considered to be poorly known. 
The earliest thorough studies were made by Gripenberg (1934, 1939); additional 
ones have subsequently been presented by Veltheim (1962, 1969). Winterhalter (1966, 
1972), Ignatius et al. (1970), Ignatius & Tulkki (1970) and Tulkki (1977). However, 
none of these studies present in-depth studies of the mineralogy and geochemistry 
of the fine grained quaternary sediment, or how such findings illuminate the origin 
of these sediments. Pollution effects have been studied by Lithner (1973), Mellin 
(1976) and Hallberg (1978) but how polluting metals like Hg, Cd and As are fixed 
in the sediments is incompletely known. Undoubtedly organic matter is an important 
adsorber for many pollution products, as shown by Cato (1977), but it still remains 
to be shown how important oxidehydroxide phases and clay minerals are as adsorbera. 
We have therefore concluded that there is a pronounced need for additional 
geochemical and mineralogical data, not the least then for the major constituents, 
about the sediments in the Gulf of Bothnia, in order to understand 
a) how they originated and 
b) to what extent and how they are polluted. 
For this reason we have produced several synoptic geochemical and mineralogical 
maps that will be further discussed below. 
PHYSIOGRAPHY 
The Gulf is divided into two major regions, see Fig. 1, namely the Bothnian Sea 
and the Bothnian Bay, which are separated by a sill at N. Kvarken. 
Compared with the World Ocean in general the Gulf of Bothnia is a very shallow 
sea; waterdepths exceeding 100 meters exist only in restricted areas. Depths of 200 
meters or more occur only near the Swedish coast at about 63°N, 19°E. 
SAMPLING METHODS AND GENERAL NATURE OF THE OBTAINED MATERIAL 
The material for this study was obtained by means of gravity corer, piston corer, grab and pipe 
dredge during 9 days in the summers of 1976 and 1977. The work was done onboard the R/V 
Strombus, which was on loan from the University of Stockholm. Some additional samples, particularly 
those located near the Finnish coast, were obtained from Dr 1-fallberg by a sample exchange. 
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Fig. 1. Simplified bathymetric map of the Gulf of Bothnia. The shallow sill at the 
Quark separates the Gulf in two major, deep, regions; Bothnian Bay and Bothnian 
Sea. To the south the area is separated from the Baltic Proper by the shallow ridge 
at Aland. 
Dots represent locations of samples that have been analyzed chemically for major 
constituents. Trace elements and mineralogy have been studied on a reduced number 
of stations. From most stations 2-4 samples have been analyzed. 
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In total wc have material from almost 100 stations, but only the stations studied below are 
indicated in the synoptic maps. 
All sediments cores contain much clay-sized matter, but layers of silt and One sand arc common. 
The top few centimeters of the sediments are usually tan to dark reddish brown; below this layer 
the sediments are usually grey, greenish or sometimes almost black. In the cores the layers 0-2 cm 
and 10-12 cm were sampled. Drag and grab samples are frequently rich in coarse sand, pebbles 
and stones; occasionally even boulders were procured. Wet-sieving of such samples almost always 
yielded a One fraction (less than 30 ,im) that could be used for the analyses. 
Several drag samples were rich in nodules (Fig. 13). The nodules are of highly varying mor - 
Several dragsamples were rich in nodules (Fig. 13). The nodules are of highly varying mor-
phology; the observed distributions of nodules with varying colors and shapes showed excellent 
agreement with the results by \Vinterhalter (1966). The nodules were broken in pieces and the stone 
nuclei were removed to obtain the hydroxide rich fraction of the nodule. Some nodules, though, 
Zack easily recognizable stone nuclei. 
ANALYTICAL METHODS 
All samples were, if needed, wctground to about 20-30 Ft.ni and dried at 80-100°C for about 24 hrs. 
\Vet grinding was chosen in order not to destroy the mineral structures before the x-ray diffraction 
(XRD) studies. 
The chemical analyses were made by emission spectroscopy, using an inductively coupled 
plasma (ICP) as excitation source (Burman ei al., 1977, 1978 a, b). For the analysis of sediments 
50 mg sample and 50 mg LiBO, were mixed and fused at 1 000°C for 25 minutes in carbon crucibles. 
The formed metaborate bead was dissolved in weak HNO3 and after proper dilution the formed 
solution was analyzed in the spectrograph for Si, Al, Ti, Fe, Mn, Mg, Ca, Na and Ba. This procedure 
was followed for 200 samples. An additional analysis for Cr, Ni, Cu and Zr was performed on 75 
f these samples. 
Other aliquots of the sediments were treated with 0.1-N hydrochloric acid and hydroxylamine-
hydrochloride at 50°C to remove iron hydroxide phases, and subsequently the solid residues were 
rreated with 0.1-N perchloric acid to remove organic matter. The ensuing residue was light grey 
to almost colorless, revealing that almost all phases with hydroxides and organic matter had been 
removed. This fraction was subsequently dried and weighted and was mounted on glass-slides 
for XRD-studies. The removal of hydroxide phases and organic matter before the XRD work 
is at standard procedure that is required to remove fluorescence effects from Fe and Mn that are 
tied in these phases; much organic matter may furthermore complicate the mounting of samples. 
For the XRD-work a Philips diulractometer was used, employing Cu IKa-radiation. 
Nodule samples were leached in 1-N HCl at 50°C for 1-2 hours in the presence of some hydro-
Nylaminehydrochloride, which was used as a reducing agent. Insoluble residues were filtered ofl 
and the clear solution was properly diluted and analyzed for Fe, Mn, Cu, Ni and Co, these elements 
presumable being present in a hydroxide-oxide phase. The insoluble fraction was dried, weighted, 
❑nd analyzed by spectroscopy as discussed above and by XRD. 
RESULTS AND DISCUSSION 
1. GENERAL DISTRIBUTION OF SEDIMENT TYPES 
Previous studies have shown that unconsolidated sediments of Quaternary age 
(late Wurm and Postglacial age) cover most of the bottoms of the Gulf of Bothnia. 
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Fig. 2. Sedimentation zones in the Gulf of Bothnia. 
1. Area of intense abrasion and erosion. 
2. Erosion and transport of fines dominate. 
3. Transport and deposition processes occur. 
4. Primarily deposition processes, even for fines. 
After compilation from Axberg (1978). 
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Eskers and drumlins may locally control the shape of the bottom, and deposits of 
tills, glacial clays and postglacial clays are ubiquitous (Kukkonen, 1965; Ignatius et al., 
1970, Ignatius & Tulkki (1970) Axberg, 1973, 1978). 
Our observations (corings, depth-recordings) are in excellent agreement with 
these interpretations. 
The origin of these sediments is associated with processes during the latest 
glaciation (Wurm), during which glacial erosion, transport in ice, and subglacial 
aquatic transport brought detrital matter to the Gulf of Bothnia. The Postglacial 
uplift of Scandinavia led to a continuous size reduction of the Gulf of Bothnia, a 
lowering of the wawe base and a continous reworking in shallow regions of older 
deposits and removal of fines, which subsequently were redeposited in adjacent deeps. 
(Gripenberg, 1939; Winterhalter, 1972; Tulkki, 1977). Our observations lend ad-
ditional support to these interpretations. 
Studies by Veltheim, (1962), Tulkki (1977), Axberg (1978) and Norrman (1978) 
suggest the following distribution of sedimentation zones in the Gulf of Bothnia 
(Fig. 2): 
Zone 1: At the coasts and shoals etc. in the archipelagoes an excessive abrasion 
and reworking takes place. 
Zone 2: Further out from the beachline and/or at somewhat larger depths 
erosion is still active but less intense; extensive transport predominates in this zone. 
Zone 3: Still further away from the beachline and/or at still larger depths transport 
of fine detrial matter dominates, but locally deposition of coarser matter takes place. 
Zone 4: In the deepest depressions and their rims deposition even of fines 
dominates. 
Håkansson (1977) has advocated the use of a simplified but probably very useful 
method (Beach Erosion Board; 1972) to delineate such sedimentation zones. 
Studies of our depth-recordings suggest, however, that the distance-to-coast and 
bottom-depth relations discussed above are far from fixed. In the open sea waves 
and current may erode the bottom down to water depth of 80 meters, whereas in 
the archipelagoes deposition may dominate even at depths of only 20 meters in 
depressions near land. Because of the processes discussed here the sediments in 
zones 1 and 2, which largely occur above the 50 meter depth, are rich in cobblestones, 
gravel and sand, whereas sediments in zone 4 which in the open sea frequently are 
found below the 60 meter depth are rich in clay-sized matter. The general erosion, 
transport and sedimentation regimes in the Gulf of Bothnia thus show remarkable 
similarities with those in the North Sea (Luders, 1939; Mc Cave, 1973; Stride, 1973 
and Eisma, 1973). 
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2. MINERALOGY OF THE DEPOSITS 
The XRD studies were performed on 120 sediment samples, the results being shown in the synoptic 
maps in Figs. 3 to 6. Using finely ground pure quartz and oligoclase samples, a series of mixtures 
of quartz and feldspar (= artificial samples) were obtained, in which the intensities of the strongest 
diffraction peaks for quartz and feldspar under standardized conditions could be measured as functions 
of their abundances in the samples. The calibration curves for peak intensity versus concentration 
proved to be straight lines (based on 5 points), suggesting that disturbing effects because of faulty  
grinding and homogenization are negligible. 
Using these calibration curves quantitative estimates of quartz (Q), feldspar (Fsp), x-ray 
amorphous backgrounds (B) and the ratio Q/Fsp were obtained; for further details, see captions 
under Figs. 3 to 6. 
Quarts is a common constituent in all sediments and particularly (50 % or more) 
in sediments at shallow depths, generally less than 50 meters. The same sediments 
are usually also rich in feldspar (up to 60 %), usually close to oligoclase in composition. 
As vill be further shown below, the shallow water deposits (SWD) differ considerably 
in most respects from the deep water deposits (DWD) that are found in deeper basins, 
(For convenience we will therefore use these abbreviations, SWD and DWD, ex-
tensively below). The approximative dividing line between these sediment types is 
located at a depth of abouth 50 meters. 
In DWD the absolute amounts of quartz and feldspar may be as low as 15 /, 
each, but their ratio is little affected by the depth variations. Instead there is a distinct 
trend for Q/Fsp ratio to show a latitudinal pattern, sediments from the northern 
Bothnian Bay being richer in feldspar than those in the southern Bothnian Sea. 
This pattern is probably due to a less intense chemical weathering in the northern 
provenance regions; whether this weathering is of Postglacial or Interglacial age 
may be to early to speculate about here. 
The x-ray patterns primarily from DWD also indicate the presence of illite, 
muscovite and amphiboles. Clay minerals are also present in DWD, but show generally 
poorly developed peaks. Caution must be exercised on this point, however, since 
the treatments used to remove ferric hydroxides and organic matter may partly 
destroy the clays as well; this problem must be further investigated. 
In the DWD x-ray amorphus matter (partly identical with fine matter) commonly 
predominates, as is shown by the relation Fsppp/B and by the low absolute combined 
quantities of quartz and feldspar, which often account for less 40-50 % of these 
sediments. Further studies are required to illuminate the mineralogy of this missing 
fraction of 50-60 % in the DWD. 
These fine fractions may serve as adsorbers of many trace-metal, including those 
released by human activities. This will be further discussed below. 
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Fig. 3. Concentration of quartz (= Q) in the sediments, as indicated by the height of 
the strongest quartz peak in a standardized x-ray dif ractogram. The heights represent: 
250 mm = 40 weight % quartz 
200 mm = 32 weight % quartz 
150 mm = 24 weight % quartz 
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Fig. 4. Concentrations of feldspar (= Fsp) in the sediments, ineasmed as in Fig. 3. 
The peak-heights represents: 
150 mm = 48 weight % oligoclasc 
100 mm = 32 weight % oligoclasc 
75 mm = 24 weight % oligoclasc 
50 mm = I5 weight % oligoclasc 
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Fig. 5. Relative distribution of quartz and feldspar; the ratios are calculated from 
the peak-heights of the strongest x-ray peaks for each mineral. 
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Fig. 6. Relative distribution of feldspar and x-ray amorphus, background producing 
(= B) material. The absolute values for B in DWD are higher than in S''D, 
suggesting an increased content of amorphus clays etc. 
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3. GEOCHEMISTRY OF THE SEDIMENTS EXCEPT NODULES 
11lajor inotgallic colli olle/t. 
Several synoptic maps have been produced by us for the distribution of the com-
ponents SiO,, Al 2O3, TiO2, Fe2O 2, MnO, Na 2O and Ba; some of them are presented 
in Figs. 7-11. 
All of these maps refer to the surface sediments (samples from 0-2 and 10-12 
cm below the sediment surface, occasionally also from depth intervals of 2-10 cm. 
Studies of long cores will be presented elsewhere. 
SiO2 (Fig. 7), reaches considerable concentrations (65-80 %) in SWD, in ex-
cellent agreement with the quartz and feldspar patterns, shown in Figs. 3 and 4. 
In deeper depressions the content decrease to about 50 %, and values as low as 
44 % are known. 
The content of A1203 shows no distinct trends, all values being close to 14 % 
(+ 3 %). The distribution of TiO2 resembles that for Fe2O3 in Fig. 8, with values 
close to 0.30-0.40 % in SWD and 0.70-0.90 % for DWD. The ratio A1203/TiO2 
shows high values (25-43) in SWD and low values (occasionally below 20) in DWD. 
Probably these relations are due to the fact that the Ti-rich clay-minerals, micas 
etc. are preferentially winnowed down into the depressions, whereas the Ti-poor 
feldspars tend to remain in shallow regions. 
The content of Fe2O 3 (Fig. 8) shows remarkable variations, from 2-4 % in 
shallow regions to 10-14 % in some deep areas; in one sample 19% Fe2O 3 was found. 
The content of MnO (Fig. 9) shows an almost exponential increase with the 
depth of deposition. In the coarse sediments in shallow regions the content is often 
as low as 0.05 %, whereas in some DWD up to 9.6 % MnO has been found. It 
should be noted that all high MnO values in Fig. 9 represent the well oxidized top 
of the sediments; already 2-1.0 cm below the sediment surface the sediments usually 
shift color from tan or reddish brown to grey, bluish grey, greenish grey or sometimes 
almost black, indicating a reducing environment. Such dark sediments, also from 
the deeps, invariably contain only little MnO, always less than 0.30 % and often 
only 0.05-0.15 %. 
In some cores, however, reddish-brown layers and iron-manganese concretions 
have been found under thick layers of grey-black sediments. It may therefore be 
that some well oxidized deposits are preserved, at ]east for some time, below 
quickly deposited reduced sediments. No analyses of such cores have yet been made. 
The ratio MnO/Fe.,O 3 (Fig. 10) varies considerably with the highest values 
occurring in DWD from the Bay of Bothnia. It is of interest to note (Fig. 14) that 
it is in this region that also the nodules are richest in MnO, Cu, Co and Ni. 
The content of MgO shows higher values in DWD than in SWD, where the 
values may be as low as 0.7 %. The concentrations also reveal a latitudinal correlation, 
DWD of the Sea of Bothnia being richer in MgO (up to 3.6 %) than those in DWD 
in the Bay of Bothnia (only 2.6 % at most). 
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Fig. 9. Distribution of MnO in the sediments. DWD are richer in Mn than SWD, 
but in addition to this the D\X/D in the Bothnian Bay are distinctly richer in Mn than 
those in Bothnian Sea. Note that the pattern pertains only to the upper 2-10 cm 
in the sediments, below this oxidized layer the sediments are commonly poor in MnO, 
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The contents of CaO and Na2O vary but show no regional trends with latitude 
or with depth. The CaO concentrations agree well with those by Gripenberg (1939) 
and are all between 1.4-3.0 %, except near the shoal of Finngrundet (in the SW 
part of the Sea of Bothnia), where values of 4.9-11 % have been observed. This 
local anomaly is due to the Paleozoic limestones in the basement (Gripenberg 1939, 
Winterhalter 1972). The content of Na 2O vary between 2.3 to 3.8 %. 
The content of Ba (Fig. 11) shows a general but unclear correlation with the 
depth of deposition. In SWD values below 600 ppm are frequently encountered; 
values as low as 390 and 105 ppm have been observed. The highest values, including 
three values between 1 300-1 700 ppm occur in DWD. However, the very richest 
sediments are not those in the deepest regions; rather it appears that the Ba-anomaly 
in the Western Sea of Bothnia is partly linked to the Swedish coastline. Whether 
this is due to influx of Ba from Ba-rich carbonatites is not known. IIowever, Ba 
is notorious for its tendency to form unique distribution patterns in the marine 
environment. (Boström 1973, 1976) and there may be other explanations. Some 
organisms enrich Ba, a biological source can therefore not be ruled out. Possible 
pollution sources will be discussed below. Other Ba-sources may be outcropping 
barite rich alum shales; compare with the map of the basement geology in Fig. 12.. 
Trace elements 
Several trace element determinations have been performed but the data are still 
insufficient for the production of synoptic maps. Most of these analyses represent 
DWD, whereas only few analyses of SWD have been made to date. Some general 
conclusions are justified, however. 
The content of Cr shows no clear depth or latitudinal trends and varies between 
50-140 ppm. Some very low values (a few ppm) are observed in sandy SWD, but-
the values are to few to justify far-reaching conclusions. 
The content of Cu varies between 3-50 ppm in the Bay of Bothnia and 26-130 
ppm in the Sea of Bothnia. The highest values tend to occur in DWD. 
The content of Ni varies between 20-94 ppm and shows the highest values 
in the Sea of Bothnia. There is an uncertain correlation with the depth of deposition. 
The content of Sr is high in the Bay of Bothnia (215-260 ppm) whereas the 
values in the Sea of Bothnia are lower (140-200 ppm). 
The content of Zr shows no latitudinal trend and has no clear depth correlation. 
The values range between 125 and 280 ppm. 
4. IRON-MANGANESE CONCRETIONS (NODULES) 
Excellent studies of the genesis, distribution and appearance of the nodules in the 
Gulf of Bothnia have been presented by Manheim (1965) and Winterhalter (1966). 
Our results confirm their observations, except that we find that the nodules occur 
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in larger abundances also near the Swedish coast than Winterhalter (1966) reported. 
Indeed, it is no exaggeration to state that the Gulf of Bothnia is unusually rich in 
nodules compared to other sea areas of comparable size, such as the Mediterranean 
or the Caribbean Sea. We will here present additional studies, primarily of the 
mineralogy and trace clement geochemistry of 30 nodules from the Gulf of Bothnia. 
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Mineralogy of nodules 
The nodules generally consist of two major phase associations namely authigenic 
hydroxide phases and detrital phases. The hydroxide phase is brown-reddish brown, 
and is presumably made up of geothite-releated phases, which resemble ordinary 
rust in structure. These generally have poor crystallinities, and x-ray studies have 
not yet been successful in deciphering the mineralogy of the hydroxide phases. 
The detrital phases can easily be isolated by a reducing acid leach treatment of 
the nodules. XRD-studies show that the detrital phse is rich in quartz, feldspar and 
illite, as well as some amphibole, particularly then from Bay of Bothnia. Of particular 
interest is that we have not found any microscopically homogenous hydroxide phase 
that lacks a detrital phase. Even the » purestloolcing» hydroxide phase may thus 
contain at least 20 % fine grained rock detritus, see Table 1. 
TABLE 1. Averagc compositions of nodules from the Gulf of Bothnia 
I 	 II III IV 
Fe 	......... 22 	 18 28 36 
Mn ........ 	9.5 7.6 12 4.8 
Cu 	......... 0.0097 	 0.14 0.022 0.0091 
Ni 	......... 0.036 0.014 0.070 0.017 
Co 	......... 0.018 	 0.013 0.021 - 
Pb 	......... 0.006 0.022 0.035 
AP......... ND 	 — 63% 57% 
I = Data from \Vinterhalter (1966); based on 10 determinations. 
II = Data (this work) for 8 nodules from Bothnian Bay. 
III = Data from column II, recalculated on hydroxide basis. 
IV = Data for 17 nodules (this work) from Bothnian Sea; recalculated on hydroxide basis. 
AP = qcid soluble part in % of total nodule. 
Chefuis/iy of nodules 
Analyses of the detrital fraction show that this phase is identical to the SWD in 
the Gulf of Bothnia. 
The authigenic phases are primarily made up by hydroxides and oxides of Fe 
and Mn and with considerable concentrations of Cu, Ni and Co. It is of interest 
to note that the Mn, Cu and Co concentrations are considerably higher in nodules 
from the Bay of Bothnia than from the Sea of Bothnia, see Table 1, and Fig. 14. 
Mn 
The reason for this is not understood, but is apparently related to the high -p— 
ratios found in this area, see Fig. 10. 
The total metal content of the nodules in the area is considerable, but it is at 
present too early to speculate about possible future mining of the nodules. It should 
be pointed out that these nodules are considerable poorer in Cu, Ni and Co than many 
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deep sea nodules are (Glassby, 1977). However, the shallow depth of occurrence of the 
Baltic nodules, often at depths of 30-80 meters, may compensate for the low content 
of Cu, Ni and Co; deep sea nodules on the other hand usually occur at depths of 
4 000-5 000 meters and usually at sites, several 1 000 km from nearest ports (Glassby, 
1977). 
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5. BIOLOGICAL AND DIAGENETIC PROCESSES 
Biological matter (dead plankton, fecal pellets, etc.) is an important vector of trace constituents 
to the sediments, not the least fot many sediment components that hitherto have been considered 
as authigcnic (Boström cl al., 1978); Lal, 1978). Preliminary analyses in out laboratory of plankton 
and benthic organisms from the Gulf of Bothnia support these suspicions, but far reaching con-
clusions are still premature. 
Several studies of microbiologically controlled redox reactions in the sediments in the Baltic 
have furthermore been made by Hallberg and his Co-workers. These, however, have mainly been 
devoted to studies of the main biological components like P or S, whereas little is known about 
the effect of biological processes on the trace element cycles. 
6. GENERAL CONCLUSIONS, WITH PARTICULAR EMPHASIS ON 
POLLUTION PROBLEMS 
The studied sediments were divided above into two main groups: shallow water 
deposits (SWD) and deep water deposits (DWD). The justification for this division 
are the differences in concentrations in quartz, feldspar, Si05, TiO2, Fe2O3, MnO 
(top of the sediment), Ba and Cu. The approximative average compositions of SWD 
and DWD are given in Table 2. Obviously some sediments from the Gulf of Bothnia 
do not resemble either SWD or DWD, but there are good reasons to believe that 
SWD and DWD approximately form the extreme end members in a continous 
mixing series that to a large extent will describe the sediments in the Gulf. Another 
source of difficulties in obtaining a good average for DWD or SWD is that only 
20 stations represent SWD whereas DWD ace represented by 41 stations. In 
Table 2 are furthermore given data for average granite (AGr) and average shale (ASh). 
Comparisons of SWD with AGr and of DWD with ASh (see last two columns 
in Table 2) reveal remarkable similarities. The major and minor element abundances 
in DWD are identical with those in ASh and with somewhat less perfection this 
is also true for SWD when compared with AGr. 
Also for many trace constituents are there remarkable similarities between SWD 
and AGr, and between DWD and ASh. 
These similarities could suggest that the SWD ultimately derive from granitic 
materials, whereas the DWD largely should derive from old sediments; it is obvious 
that older sediments, loose weathering products etc. also must have been removed 
from the land surface by the till forming processes during the last glaciation. It 
furthermore appears likely that much of the crystalline granitic substratum in Northern 
Fennoscanclia should yield rather coarse grained matter whereas preglacially existing 
weathering products and sediments already were finely divided. In the tills we there-
fore probably had a mixture of these in-put constituents. 
As the tills became subject to reworking by surf, currents, etc., a far reaching 
separation took place. The coarse, largely granitic material tended to remain behind 
or to be transported short distances, whereas the fines relatively quickly were brought 
to deep depressions. 
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TABLE 2. Average compositions of shallow-water deposits (SWD), deep-water deposits (DWD) 
granite (AGr) and shale (ASh) from Gulf of Bothnia 
Cousli,ueuut SWD DWD AGr Ash 
SWD DWD 
AGr Ash 
Si02 	(%) 70 50 69 51 1.0 1.0 
A1203 (%) 14 14 14 14 1.0 1.0 
TiO2 	(%) 0.35 0.75 0.40 0.75 0.80 1.0 
Fe203 (%) 4.5 10 3.9 6.7 1.2 1.5 
MnO* (%) 0.10 0.10 0.05 0.11 2.0 0.90 
CaO 	(%) 2.2 2.2 2.2 3.5 1.0 0.65 
MgO (%) 1.0 2.5 0.27 2.2 3.7 1.1 
Na 2O (°/„) 3.0 3.0 3.8 3.5 0.80 0.65 
Ba 	ppm 700 1 000 600 580 1.2 1.7 
Zr 	ppm 200 200 180 200 1.1 1.0 
Sr 	ppm 200 200 285 450 0.70 0.45 
Ni 	ppm 25-55* 55 0.5 95 55-110 0.60 
Cu*** ppm 20 40 10 57 2.0 0.70 
Cr 	ppm 40-90** 90 4 100 10-23 0.90 
The extreme values in the sediment tops have been disregarded. 
* Values for SWD fairly uncertain. 
*** 	Use of acid leach shows that almost all Cu dissolves easily. 
Data for AGr and ASh from Krauskopf (1967). 
Another interpretation, however, is that the admixture of old sediments in the 
tills may have been fairly restricted and that most fines, which after preferential 
winnowing are brought into the deeps, represent mainly the mafic components in 
average crust. For this interpretation speaks the large amounts of fresh feldspar 
preserved in the sediments. 
These provenance relations make it easier to discuss possible pollution effects, 
since it obviously is meaningless to attempt a study of man made (antropospheric) 
effects without understanding natural processes. One should furthermore realize that 
natural processes can show a remarkable variability. Small differences in a system 
from a presumed »average» case are thus no proof for antropospheric effects, although 
they can be suspected. On the other hand, even excessive pollution with for instance 
Cu may increase the observed values with only 10 % over the »natural background» 
value. 
Table 2 shows that also most trace element abundances in SWD and DWD vary 
within a factor 0.25-4.0 of the values for AGr and ASh, and only for the elements 
Ni and Cr, do we have large discrepancies. 
Furthermore, sampling problems, analytical difficulties and representativeness of comparison 
materials have to he well understood before extensive conclusions can be justified. On source of 
error could be the assumed composition of AGr, for which the average values for Ni and Cr are 
very low. Possibly the natural variability in Ni- and Cr-abundances is larger than suggested in 
Krauskpf, 1967. Even so, the Ni-value for SWD is at present uncomfortably high. 
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Other sources of error are analytical difficulties. A popular »pollution metal» is Hg, for which 
many erroneous analyses are given; perhaps as many as 90 % of all mercury analyses are too high, 
and cases are known when reported values are 1 000 times too high. This unfortunate result has 
been found by independent studies of laboratories in Miami, by E. D. Goldberg (Scripps, La Jolla) 
and by A. Henrikes (KHT, Stockholm); two important sources of error being laboratory contaminants 
and interferences from organic matter. However, for none of the elements listed here are there any 
obvious sources of error. All analyses in our laboratory are routinely checked against standard 
samples and our major constituents show standard error of only ± 1-3 % and even most traces 
show a precision of f 1-5 % in most cases. Zr is an exception, but we have strong reason to believe 
that the Zr values for standard rocks are poor (Burman el al., 1977, 1978 a). 
A weakness in the data in Table 2 is that no sediments from the immediate vicinity 
of the coast are represented (see also maps 1-11). Olausson et al. (1977) found very 
high values for some elements just off the coastline of southern Sweden. It is not 
unlikely that future studies very near the Swedish coast in the Gulf of Bothnia may 
reveal similar uncomfortably high trace element concentrations; some have also been 
reported by IIallberg (1978). We can therefore only conclude that at present there 
may be pollution effects from Ni discharges; possibly also the contents of Cr are 
unnaturally high in the sediments in the Gulf. 
It should be noted that the elevated values occur in the SWD (Ni, Cr, Cd), but 
possibly we may later find that DWD is enriched in other pollutants. There is every 
reason to believe that different pollution elements, just like naturally delivered 
elements, may have different sedimentation patterns. 
A comparison of the result presented here obviously suffers from some un-
certainties. Sampling by our laboratory has so far been primarily focused on land-
distant sediments, whereas other laboratories (Olausson et al., 1977) have sampled 
extensively in the coastal zone just off the shoreline. Furthermore, treatment of 
samples and analytical procedures have varied. Li spite of this there are some questions 
of interest from the findings: 
1. A general knowledge also of the matrix elements and matrix minerals (SiO2, 
A1 203, TiO2, etc. quartz, feldspar, etc....) make iteasier to interpret the origin of 
a sediment and thus what its natural loading with presumed »pollutants» could be. 
It should be pointed out that the acid leach fraction, analyzed by many workers, 
is not necessarily equivalent to a polluted fraction. A limestone is easily dissolved 
during an acid leach, but we would not suggest that Cambrosiluran limestones are 
pollution products. Other components, like ferric iron, arrives in a fairly accessible 
form, tied in humic matter (?), but after deposition it quickly forms highly insoluble 
goethite-like compounds. 
Another experience from our matrit studies of the sediments in the Gulf of 
Bothnia is that greater care has to be used, when one wants to »normalize» the 
abundances of pollutants. Thus, in several studies (Lithner, 1973; Mellin, 1976; 
Cato, 1977 and Olausson et al., 1977) many trace metal (Me) values are reported 
relative to loss of ignition, organic matter, or carbon as Me/C. This function often 
shows a remarkably linear decrease with distance from land and has been assumed 
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to be a good pollution-index. This is probably a well justified conclusion in many 
areas, but there are some areas where such representation of data could be misleading. 
In many well oxidized sediments far from land much of the organic matter has been 
used up by organisms and at same time the metals present may be converted to 
hydroxide-oxide phases, for instance in concretions and microconcencretions. In 
some nodules C-content is low and Cu and Ni-contents high; in a 114e/C-graph the 
nodules would thus look highly polluted, whereas in reality they may be unpolluted 
what concerns Cu or Ni. Due to their high efficiency as adsorbers, nodules may 
nevertheless be useful indicators if used with caution, primarily then for elements 
like Hg and As. No such study has yet been made. Another, incompletely studied 
subject, is the importance of clays as adsorners of pollutants. 
2. Extensive sampling in the coastal zone, literally speaking »just off the shore-
line», probably is the best approach to single out specific individual pollution sources. 
3. Comparison of different samples in the coastal zone and with those from 
land-distant deeps may give important data on the mobility of pollutants. It is re-
markable that some metals (Lithner, 1973; Olausson et al., 1977) show sharply de-
creasing concentrations in the sediments with distance from land, although the 
fine fractions adsorbing trace element generally increase with distance from land. 
This may mean that a) the transport of fines is very sluggish, that is, the main body 
of pollutants have not yet arrived to the deeper depressions far from land; b) the 
material brought to sea is increasingly diluted by uncontamined matter from other 
sources with distance from land; c) the pollutants are quickly brought back to the 
water by biological and diagenetic effects or; d) some combination of the factors 
under a—c. We are inclined to favour alternative d. 
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STORAGE OF IRON AND PHOSPHORUS 
IN THE SEDIMENTS OF THE BOTHNIAN SEA 
Lauri Niemistö, Vappu Tervo and Aarno Voipio 
Institute of Marine Research 
P.O. Box 166, SF-00141 Helsinki 14, Finland 
The total input of phosphorus and iron into the Bothnian Sea is smaller than 
the calculated amounts stored in the sediments. The excess amounts might 
be transported from the erosional areas above a depth of 60 ni. This finding 
is corroborated by the absence of a significant increasing (rend in the total 
phosphorus content in the water phase. 
The hydrography of the Gulf of Bothnia differs from that of other parts of the 
Baltic Sea. The relative amount of the more saline water component annually flowing 
into this area is larger than that in the Baltic proper. Since it is mainly surface water 
of the Baltic proper, its salinity is only slightly higher than that of the water body 
in the area. Therefore no sharp halocline can be formed. In these circumstances, 
thermal winter convection takes place throughout practically the whole water column. 
Consequently, oxygen saturation seldom decreases below 60-80 per cent and anoxic 
conditions have never been recorded. 
The surface layers of the sediments are always oxidized, redox potentials exceeding 
T 250 mV (Bågandes & Niemistö 1978). The excellent conditions for the removal 
of phosphorus from the water phase are further enchanced by the considerable 
amount of iron transported into the Bothnian Sea. 
Another special feature is the rapid land upheaval which, in the Northern Quark, 
attains as much as 0.9 cm per year and in the Archipelago Sea 0.3 cm a-1. New areas 
are continuously revealed for wave erosion, and the water below 50...60 metres 
is almost continuously turbid (cf. e.g. Fukuda 1960). 
Sedimentation is generally active in areas deeper than 60 to 70 metres. Winter-
halter (1972) has calculated that the mean thickness of post-glacial sediments is 1.9 
metres over an area of 53 000 km2. Therefore, a mean annual sedimentation rate 
of 0.27 mm can be estimated for the past 7 000 years. Likewise, Winterhalter gives 
an estimate of 1.9 • 10,  tonnes wet sediment for the mean annual deposition. This 
IYI 
amount, as Winterhalter points out, cannot be explained by river transport alone; 
an important part of the annual sedimentation probably derives from the erosion 
of the shallow areas of the Bothnian Sea, the Finngrunden shallow and the Finnish 
coast. 
During the cruises of R/V Aranda in 1970-1977, 69 sediment cores were collected 
in the Bothnian Sea. On the basis of this experimental material an attempt was made 
to evaluate the amounts of phosphorus and iron stored annually in the sediments 
of the Bothnian Sca. 
MATERIAL AND METHODS 
Samples from soft sediments were taken by gravity corer (Niemistö 1974). The cores were cur iui-
mediately after sampling into subsample slices, 8-20 mm thick, and stored deep frozen in glass 
or PVC Petri dishes until they were analysed. To determine the dry matter content, the samples 
were dried at either 105 °C or (since 1974) in a freeze drier. Sediment samples for iron were digested 
with nitric acid in closed bottles in an autoclave (Nordforsk 1975). The measurements were made 
using a Perkin-Elmer Model 300 atomic absorption spectrophotometer. 
The method for total phosphorus used by Gales (Gales el al. 1966) nuas modified. Some rcdox 
systems can be oxidized under peroxydisulphate oxidation to a level which disturbs the reduction 
of the molybdate complex by ascorbic acid. The solution must, therefore, be reduced after per-
sulphate treatment by sodium iodide, and the liberated iodine is destroyed by sulphite. The phos-
phate was determined spectrophotometrically by the molybdenium blue method. 
RESULTS 
The sampling stations are shown in Fig. 1 together with the mean thicknesses of 
the post-glacial sediments (Winterhalter 1972). 
The means of the dry matter content, phosphorus and iron contents calculated 
for all samples (69 cores) and for bottoms below (28 cores) and above (41 cores) 
60 m are given in Table 1. 
The annual depositions of phosphorus and iron arc calculated for areas deeper 
than 60 m according to the thickness of the sediment. Table 2 gives the summed 
areas of the different sediment thickness groups and the mean sedimentation rates 
obtained by dividing the sediment thickness by 7 000 years. Further, it gives the 
means of dry matter, iron and phosphorus contents obtained from our cores and 
the calculated annual depositions of iron and phosphorus. The density of wet 
sediment is obtained from Fig. 2. 
The calculations were performed for each unit square shown in Fig. 1 and then 
summed up. As can be seen from Table 2, the total area below 60 m is 32 400 km5; 
the annual deposition of phosphorus is about 6 700 tons and that of iron about 
215 000 tonnes. 
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Fig. 1. The mean thickness of post-glacial sediments per unit square (15 X 15 nautical miles) 
(modifed from \\/interhalter 1972) and the sampling stations in relation to each unit square. 
The area outside the squares is considered non-deposition bottom. 
TABLE 1. Mean values of dry matter, iron and phosphorus in sediment samples from the Bothnian 
Sea. Number of samples in brackets. 
Dry matter 
iö 
Iron 
rFe 
itts 	s-`  
Phosphorus 
cl' 
ins g-, 
All 	samples 	.................... 	32.1 44.3 1.7 
(375) (252) (372) 
Samples from above 60 ni 	...... 	33.2 32.9 1.7 
(145) (96) (143) 
Samples from below 60 m 	...... 	31.3 52.7 1.6 
(220) (147) (219) 
1 	2.5 2 .5 • 
1 2 1 	0.5 
0.5 	1 	1 3 1 4 
1,5 0.5 3 
å 	0.5 :5• •• 0.5 3 
1 •4 1 	1,5 3 I 
1 5 	1 . •• • 4 •5 
-61° 
2 	6 
• 
3 6 
3 
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TABLE 2. The summed areas of the different sediment thickness groups from 0.5 to 5.5 metres 
in bottoms deeper than 60 m. 
Thickness of Rate of Dry Specific Dry matter Phosphorus Tron sedi- 
Size of area post-glacial Rate of sedi- „gitter weight sedimentation 1' scdi- Fe mentation 
sediment mental ion mentation 
km' to mm a-' % g cm ' ton a" ing g-,  ton a 1 nig g' ton a'' 
3 100 0.5 0.071 42.6 1.34 125 700 1.4 180 51.6 6 500 
10 000 1,0 0.143 26.0 1.18 438 700 1.6 700 50.8 22 300 
2 300 1.5 0.214 43.9 1.36 293 900 2.2 650 59.7 17 500 
3 900 2.0 0.286 39.0 1.32 574 200 1.3 750 46.0 26 400 
1 500 2.5 0.357 52.9 1,46 413 600 1.2 500 27.9 11 500 
5 400 3.0 0.429 29.5 1.22 833 700 1.6 1 330 59.8 49 900 
800 3.5 0.500 23.8 1,18 112 300 2,1 240 64.2 7 200 
2 300 4.0 0.571 30.6 1.22 490 300 1.5 740 52.2 25 600 
3100 5.5 0.761 37.6 1.30 1153 100 1.4 1 610 41.7 48100 
32 400 	 4 435 500 	 6 700 	 215 000 
1000 
Dry matter 
mg g 
500 
1"0 	 1.5 	 2.0 	 9 	2.5 
g cm 
Fig. 2. Density of wet sediment () as a function of dry matter content. The curve 
is based on the assumption that the density of dry sediment is 2.5 kg dm"3. 
DISCUSSION 
The river input of phosphorus to the Bothnian Sea has recently been discussed by 
several authors (e.g. Ahl & Wartiovaara 1976, Ahl et al. 1976, Voipio & Tervo 
1977, Wartiovaara 1978). Their estimates vary from about 1 000 to 2 000 tons a -1. 
Industrial discharges hardly exceed 1 000 tons a-' (c/: Ahl et al., 1976, Haverinen 
and Vuoristo 1978). 
There are no reliable estimates of atmospheric deposition. The mean deposition 
of phosphorus on the Finnish mainland is roughly 1-2 mg m -2 (Haapala 1972). 
The »educated guess» of the authors is that even the lower limit might include 
some local contamination absent from the sea areas; deposition on the sea surface 
(total area being 63 000 km2) should be of the order of 500 ton a -1  or less. 
The above estimates show that the total input of phosphorus is most probably 
less than 4 000 ton a 1. 
The total transport of iron into the Bothnian Sea has been evaluated to be of 
the order of 100 000 ton a-1 (Voipio & Niemistö 1975). 
Compared with the above figures the sedimentation values given in Table 2 
are definitely too great. The reason for this is discussed briefly below. 
Studies of the redox conditions in the Bothnian Sea sediments show that the 
redox potential in the uppermost few centrimetres of the core is always strongly 
positive. At a depth of 3-4 cm however, there is usually a redox cline. Below this 
level the conditions are reducing, i.e. the redox potential is less than 200 mV (Bftgan-
der & Niemistö 1978). 
In these circumstances iron is reduced from the Fe (III) to the Fe (II) level. 
Some of the iron is transported upwards whereas some is trapped as iron sulphide. 
the latter fraction probably represents the real »permanent» sedimentation of iron. 
Likewise the phosphorus content in the sediment layers below the »redox cline» 
should represent the permanent removal of phosphorus from the water phase. 
For the uppermost 4 cm of a 30 cm core from the Eastern Basin of the Bothnian 
Sea (station EB-1) the contents of phosphorus was 0.20 % and of iron 5.8 % of 
the dry matter. The corresponding values for the clearly reduced part (from 10 to 
30 cm) were 0.12 % P and 4.5 % Fe. Using the ratio between the contents in the 
reduced and oxidized layers the following values were obtained for the permanent 
sedimentation. 
0.12 
0.20 x 
6 700 = 4 000 tons P 
4.5 
5 8 x 
215 000 = 170 000 tons Fe 
These figures are slightly closer to the sum of the river and atmospheric input figures 
than those given in Table 2. However, there is still a clear excess which cannot be 
explained without assuming of resedimentation of material eroded from areas 
shallower than 50-60 ni or transport from the other sea areas. Dahlin (1978) has 
calculated the phosphorus budjet of the Gulf of Bothnia. According to this results 
the excess phosphorus might be transported to the area by the water from the Baltic 
proper passing the Åland Sea and the Archipelago Sea. 
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Although these calculations give a very crude picture of the total balance of 
the phosphorus and iron in the Bothnian Sea, they indicate that the sedimentation 
conditions are favourable enough to immobilize the excess input of phosphorus 
and iron into this sea area. This is consistent with data obtained by the Institute 
of Marine Research, Helsinki (Pietikäinen et al., 1978), according to which there 
is no significant trend in the total phosphorus content in the Bothnian Sea water. 
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PRELIMINARY RESULTS OF NEAR BOTTOM CURRENT 
MEASUREMENTS IN THE BOTHNIAN SEA 
Gunnar Kullenberg 
Institute of Physical Oceanography, University of Copenhagen 1) 
Near bottom current measurements have been carried out at three stations 
in the Bothnian Sca, at depths of about 25 m to about 75 m, using a laser 
Doppler anemometer placed on the bottom in a rigid frame. The measuring 
volume was 35 cm above the bottom. The instrument is capable of measuring 
high frequency random fluctuations as well as wave like oscillatory motion. 
Records of two horizontal components for periods of several hours were 
obtained. 
The mean currents were in the range 4-7 cm/s, with superimposed 
fluctuations around 0.5 cm/s with time scales from about 30 s to 4 s. Events 
with more marked fluctuations occurred at intervals. The fluctuating horizontal 
kinetic energy has been calculated from the records, for event periods as 
well as quiet periods. The vertical velocity fluctuations have been estimated 
assuming that 10 % of the total energy is contained in the vertical component 
in weakly stratified conditions. Using these estimates together with the 
horizontal fluctuations the friction velocities have been estimated. These 
are in the range 0.1 cm/s to 1.0 cm/s. Several other parameters of interest 
for clarifying the sediment transport conditions are calculated. 
LIST OF NOTATIONS 
f 	Coriolis parameter 
g acceleration of gravity 
ht,, hr 	thickness of logarithmic and Ekman layers, respectively 
Hk',,, 	vertical transfer coefficients for momentum and mass, respectively 
N 	Brunt-Väisälä frequency 
u,. 	friction velocity 
U', v', w' fluctuating velocity components in the x, y, z directions, respectively; z positive down värds 
V 	current vector velocity 
V 	current velocity above boundary layer 
zo 	toughness parameter 
r: rate of energy dissipation per unit mass 
% = 0.4 von Karman constant 
n 	density of water 
T frictional stress or Reynolds stress 
I) Present adress: Institute of Oceanography, P. O. Box 4038, S-400 40 Gothenburg, Sweden 
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INTRODUCTION 
One characteristic feature of the Bothnian Sea is the high amount of suspended 
matter occurring in the deep and bottom waters (e.g. Jerlov 1955, Winterhalter 1972, 
Tulkki 1977). Jerlov found a logarithmic increase of particle concentration with 
depth in the western parts of the basin, which suggests that gravitational settling 
and horizontal advection are important factors, and that material is being supplied 
from external sources. Winterhalter advanced the hypothesis that wave action along 
the coast at water depths down to about 50 m is an important process for erosion 
and hence supply of particulate matter to the deeper areas. Tulkki supported this 
view and also considered that the current velocities in the Bothnian Bay at least 
could reach eroding strength to bottom depths of 60-70 m. 
Basic questions concerning the suspended matter are a) where does it conic from, 
b) what are the characteristics, c) what are the transporting agencies and how is 
the high concentration maintained, d) what are the time and space variations? In 
order to investigate some of these problems a joint Danish-Finnish-Swedish ex-
pedition on R/V Aranda was carried out in June 1977 with the aim to ) map the 
distribution of the suspended matter horizontally and vertically using optical methods 
in conjunction with CTD profiling and basic chemistry, ") study the current conditions 
in a section across the Bothnian Sea from the Finnish coast to Finngrunden by 
moored current meters, "') study the sediment characteristics, the time variability 
of the suspended matter concentration, the chemistry, the small scale-bottom structure 
by photography, and the near-bottom current at a few selected stations. 
In this note the near-bottom current measurements will be discussed and some 
preliminary results presented. 
MEASURING TECHNIQUE 
The current observations were made with a laser Doppler anemometer (LDA). The instrument 
has been developed jointly by DISA Elektronik, Denmark and Institute of physical Oceanography, 
University of Copenhagen. It essentially consists of a modified DISA laser anemometer of type 
55L (Disa 1976) placed in a vertically mounted pressure cylinder. The forward scattering mode 
is used and a mirror, mounter about 1 m from the laser output, is reflecting the signal back to the 
detector (photomultiplier) in the laser house (Fig. 1). The two components of the motion 
perpendicular to the laser beam are measured. There is no compass unit in the instrument so the 
direction of the current vector cannot he determined. The LDA is based on the detection of the 
Doppler shift of light scattered from particles moving with the sea water. The method relies on 
the laser as a light source. The temporal and spatial coherence of the laser light allows the con-
centration of the light in a small measuring volume, about 0.5 mma, and the subsequent detection 
of very small Doppler shifts relative to the original light frequency. The properties of optical 
heterodyne detection are used, in which turo coherent beams of light are mixed on the photodetector. 
The detector current contains an ac. component which is the difference between the frequency of 
the two light beams entering the detector, i.e. the Doppler shift caused by the motion of the particles 
scattering the light in the measuring volume. Different so-called LDA modes can be used for selecting 
the two beams entering the detector. In the present system the laser beam is split into three parallell 
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Fig. 1. Laser Doppler anemometer mounted on frame for displacement on the bottom. A laser 
house, B mirror. 
beams in the transmitter section and focused into a common focal volume. The three beams form 
a right-angled triangle with equal sides, so that two pairs at right angles are formed consisting of 
two beams, each defining one side of the triangle. The detector is placed symmetrically between 
the beams defining the base of the triangle. This is the so-called differential or fringe mode giving 
a superior signal-to-noise ratio in the case of only few scattering particles in the measuring volume 
at any time. The frequency of the ac. component from the detector is 
21VI0 
t'D = 	sin — 	 (I) 
7. 	2 
where 7 is the wave length of the light in the water, 0 is the angle in water between the two incident 
beams, and v is the component of the velocity vector with a direction perpendicular to the bisector 
between the two incident beams and the plane of the two beams. For the signal processing a DISA 
frequency tracker was used, operating with a band width of 10 kHz corresponding to a frequency 
response of a about 180 Hz. The instrument covers a range of -I  2.5 cm/s to + 80 cm/s and can 
detect fluctuations about I • 10-2 cm/s. 
The instrument has previously been tested and compared with other instruments using no 
sensor in the measuring volume (Kullenberg and Buchhave 1974, Kullenberg el al. 1975, Wanna-
maker 1976). The results of an elaborate comparison with an acoustic meter and an electromagnetic 
meter showed that the LDA gave reliable results and was capable of measuring high frequency 
random motion as well as wave motion. At the test the instruments were rigidly attached to a 
tower mounted on the bottom at about 20 m depth. A spectrum from these comparisons is shown 
in Fig. 2. 
cm2/ s 2 / Hz 
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Fig. 2. Velocity variance spectra cm2/s2 /Hz, log-scale, average of 15 spectra 
of 512 point FFT from Corsica trials (computed by B. Wannamaker). Frill 
drawn, laser Doppler anemometer, dashed, acoustic current meter. Note 
that this spectrum has been translated one unit down relative to the LDA 
spectrum in order to avoid overlapping in the Figure. 
The main problem with the use of the LDA in its present configuration is the precise alignment 
required for good performance. The alignment has to be done in the laboratory. Once adjusted 
the mirror must not be moved. The mirror and the laser are both mounted on an optical bench 
in a form of a 10 cm diameter tube (Fig. 1). The main advantages with the instrument are: 1) no 
calibration is required, 2) great stability in stable temperature conditions, 3) large range and 
sensitivity, 4) no sensor in the flow field, rapid response and capacity of resolving high frequency 
random and oscillatory motion. 
During the present measurements the LDA was mounted on a frame formed like a pyramid 
with a base of 2 )< 2 ni, and so that the measuring volume was 35 cm above the base, i.e. the bottom. 
The instrument was suspended from a wire and connected to the ship also by two 100 m long cables, 
one for the power transmission and one for the signal transmission. The instrument is supplied 
with 22 V DC for the laser and 12 V DC for the photomultiplier. The Doppler signal is processed 
through a DISA tracker and recorded on an analog recorder and a digital tape recorder of type 
Digitronix. 
THE MEASUREMENTS 
During the cruise the LDA was used at 6 anchor stations (Table 1). The first one was a test station 
with rough bottom conditions where the instrument was used suspended from the wire only and 
not placed on the bottom. The system worked satisfactorily detecting the pendulum oscillations 
of the swinging instrument. In order to get meaningful observations from such a sensitive instru-
ment it must be attached to some rigid platform. 
At station 2 the instrument worked fine when suspended from the vvire in the mater column, 
but when placed on the bottom no signal could be detected. This was probably due to the high 
turbidity in the bottom layer. When investigating this in the laboratory after the in si/n trial a similar 
fading of the signal occurred when the test tank was filled with low transparency water, whereas 
the signal was fine when the tank was filled with clear water. 
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TABLE 1. Laser Doppler anemometer stations 
Station 
No. 
Position Date 
]une 
Bottom depth 
in 
\X'ind from speed 
m/s 
\Insure ments 5k n current 
cm/s 
1 test 9 — 1800  7 in \vntcr column only 
2 61°20'N 11 36 calm —»— — 
21°08'E 
3 61°13'N 11 22 180°  8 on bottom 3.9 to 
21°12'E 5.2 
4/1 61°11'N 12 26 3400  3 not functioning 
21°03'E 
4/2 61°01'N 13 26 000° 	1 -6 on bottom 5.5 to 
18°33'E 6.4 
5 61°05'N 13 76 350° 3 on bottom 4.2 to 
19°16'E 4.4 
At station 3 the bottom turbid layer was not as marked as at station 2, and the LDA signal 
yvas detected also with the instrument on the bottom. Several series of measurements were obtained. 
The about 2 hours long record shows a mean current velocity of 3.9 to 5.2 cm/s. Short period 
fluctuations occurred with periods around 4 to 6 s, and peak to peak velocity variations in the range 
0.1 to 1.0 cm/s. Quiet periods with fluctuations around 0.2 cm/s were interrupted by disturbances 
or events with stronger fluctuations lasting for several minutes. 
At station 4/1 the Doppler signal was not detected and the instrument had to be re-aligned 
in the laboratory. 
At station 4/2 there was a weak bottom turbid layer of about 0.5 in thickness, and the LDA 
signal was fine also with the instrument on the bottom. Several series were obtained over an 8 hour 
measuring period during which the instrument worked very satisfactorily. The record shows a 
mean current vilocity of 5.5 to 6.5 cm/s, with short period fluctuations as well as marked events 
of 1-2 minutes duration occurring aperiodically. The peak to peak velocity changes in these events 
were up to about 1 cm/s. Outside these events the peak to peak fluctuations were in the range 0.15 
to 0.45 cm/s. The typical time scale of these fluctuations was around 5 s. 
lnc 
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e b 
a 
Fig. 3. Examples of records from station 5 with LDA on the bottom, a and 
h both channels simultaneously during a quiet period, c at different time 
during an event and the same channel as trace h. 
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At station 5 the LDA signal was also detected although the turbid bottom layer was more marked 
than at station 4/2. One of the channels had frequent drop-outs and only about 5 minutes of the 
1 hour long record contains signals from both channels. The record shows a mean velocity of 4.2 
cm/s with several superimposed fluctuations. Events of marked disturbances also occur at intervals, 
but they were not as strong as at station 4/2. The peak to peak fluctuations were in the range 0.04 
to 1.1 cm/s, with an average of 0.6 cm/s on one of the channels. The time scale of these fluctuations 
range from about 30 s to 4 s, with dominating periods of 25 s, 7 s, and 4 s. During several periods 
quite regular oscillations occurred lasting for a few minutes; an example is shown in fig. 3. 
Besides the LDA measurements, CTD profiles, light scattering profiles and pendulum current 
meter profiles were obtained at the anchor stations. Sediment samples as well as photographic in-
formation on the small-scale bottom conditions were also collected. 
EVALUATION 
The general theoretical basis for an evaluation of the data can be summarized as 
follows. The fluctuating horizontal velocity components u' and v' can be determined 
from the observations. From these the horizontal fluctuating kinetic energy is 
obtained using correlated pairs of u' and v'. Laboratory measurements (e.g. Stewart 
1959) as well as field measurements (e.g. Bowden 1962) suggest that the vertical 
component in weakly stratified conditions contains about 10 % of the total fluctuating 
kinetic energy. By means of this result an estimate of the vertical component w' 
may be obtained, which in turn yields an estimate for the products u' w' and v' w' 
for the appropriate periods of observation. Then the friction velocity u,, can be 
calculated defined as, assuming perfect correlation between the fluctuations 
(u' w' -~- v' ~v' 1 1 
u a 	l\ 	/I 	 (2) 2 
A knowledge of the friction velocity makes it possible to calculate several other 
basic parameters. The vertical transfer coefficient for momentum K,,, is given by 
the expression 
u2 
K = ~` m dv 	 (3) 
dz 
where V is the current vector velocity. The shear dv/dz can be determined from 
a knowledge of the velocity profile. In the logarithmic boundary layer the profile is 
u* z dv u* 
V(z) = y In Z
o> dz 	%z 	 (4) 
where r is the von Karman constant and z,, the roughness parameter. Various ex-
pressions have been given for the thickness hi of the logarithmic layer. Wimbush 
and Munk (1970) found that 
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2 u' 
h1^ = f Vb 
	 (5) 
whereas Tennekes (1973) gave h1 = 0.1 h~ where h is the Ekman layer, the 
thickness of which is given by 
xu 
h t- = f 	 (6) 
The energy dissipation c in the boundary layer is given by 
t dv 	dv 
o & 	dz 	 (7) 
and from a knowledge of a the vertical mixing coefficient K can be determined 
from the expression 
do
K=RN2, N 	o dz 	 (8) 
where Rf is the flux Richardson number and N the Brunt-Väisälä frequency. 
The conditions for transportation of sediment and suspended matter in the bottom 
boundary layer can be investigated knowing the flow characteristics as outlined 
above as well as the sediment characteristics and the small-scale form of the bottom. 
The balance between settling and advection can also be investigated. These questions 
will however not be considered here since all the data from the cruise are not yet 
available. 
From the LDA observations the fluctuating velocity components, defined as 
peak to peal, values (compare fig. 3), have been determined. It should be noted 
that some of the fluctuations might be artificial, generated by the frame on which 
the LDA was mounted. AX/ith the present mounting the instrument could not be 
placed on the bottom so as to avoid that these frames might disturb the flow field 
passing the measuring volume. So-called von Karman eddies can be generated by 
the tubes in the frame and these eddies may pass the measuring volume thereby 
generating artificial fluctuating signals. The typical period for these fluctuations 
can be calculated from the Strouhal number S = d/T • u, where d is the diameter 
of the tube and u the velocity. Empirically it has been found that 
20 
S = 0.21 (1— R ), 40 < R < 1 000 	 (9) 
In the present case the Reynolds number R = u • d/r ,.: 2 • 10, but it has been 
assumed that the expression may be applied also in the present case. 
49 
TABLE 2. Examples of corresponding peak to peak fluctuations u' and v', sum of u'2  
derived w' and products u'w' and v'w'. 
Sist ion Period n
, y, «2 + ` ,,y \,,' U, 	SV' y , 	",. 
No. cm/s cm/s trot/sr cm/s cm2 /st cm'/s° 
3 quiet 	.................. 0.16 0.19 0.07 0.03 0.005 0.006 
quiet 	.................. 0.35 0.19 0.16 0.04 0.014 0.008 
event 	................. 0.45 0.64 0.60 0.08 0.04 0.05 
event 	................. 0.54 0.26 0.36 0.06 0.03 0.02 
max . 	.................. 1.03 0.67 1.48 0.41 0.42 0.28 
4;2 quiet 	.................. 0.32 0.25 0.16 0.13 0.04 0.03 
quiet 	.................. 0.45 0.16 0.23 0.14 0.07 0.02 
after 	event 	............ 0.64 0.48 0.64 0.25 0.16 0.12 
after 	event 	............ 0.51 0.51 0.54 0.23 0.12 0.12 
after 	event 	............ 0.64 0.64 0.82 0.29 0.19 0.19 
max, 	in 	event 	......... 1.6 0.8 3.2 0.57 0.91 0.45 
5 quiet 	.................. 0.19 0.10 0.05 0.07 0.01 0.007 
after 	event 	............ 0.26 0.21 0.11 0.10 0.03 0.02 
niax, 	in 	event 	......... 0.64 0.28 0.49 0.22 0.14 0.06 
Using correlated pairs of u' and v' the product u'v' and the sum (u'' + v'2) have 
been determined. The vertical component w' has subsequently been calculated 
assuming that 10 % of the total fluctuating kinetic energy was contained in that 
component (table 2). This assumption is based on the results mentioned above 
obtained in conditions of weak stability. This can be considered as weak when the 
Richardson number Ri < 0.3. Knowing the velocity fluctuations the friction velocity 
u ;r can be obtained using (2) and assuming perfect correlation between the com-
ponents. This can only be expected to hold during very weak stabilities and it was 
probably not the case in general. Hence the values of u,should be regarded as maxi-
mum values. From (4) the shear was calculated and this together with the observed 
density stratification yields an estimate of the Richardson number for the near bottom 
layer. It should be noted that the CTD profiles did not reach as close to the bottom 
as the LDA measuring volume. Despite this the values of Ri should indicate the 
stability in the near bottom layer. The thickness of the logarithmic layer was obtained 
from the expression hit = 0.1 hn. The values are given in table 3 and it is seen that 
during quiet periods at stations 3 and 5 the stability cannot be considered as weak 
and hence the assumptions for the calculations cannot be expected to hold. For 
this reason the mixing parameters have not been calculated for these periods. During 
the event periods and at station 4/2 the assumptions made here can be considered 
as realistic. For calculating K the value of Rf = 0.05 has been used (e.g. Kullenberg 
(1974)) except for the event cases at station 4/2 when the stability can be considered 
as very ,veak. In such conditions the value of Rf may well be less. Assuming that 
then K = ICn, the corresponding values of Rf is found to be 2 • 10-2 for the event 
and 3 • 10-3 for the event maximum. 
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TABLE 3. Values of u,k, thickness hin of logarithmic layer, shear dV/dz, mean Brunt-Väisälä 
frequency N2, mean Richardson number Ri, vertical transfer coefficients for momentum Kn, and 
and mass K, and rate of energy dissipation s per unit mass. 
Station 
No. 
period u+ 
cm/s 
1']n 
un 
dV/dz 10° 
C' 
N° 
S' 
Ri Km 
cm'/s 
K 
cm°/s 
e 
em--/s' 
3 quiet 	... 0.08 32 0.6 4.5 	10- 1  14 - - - 
quiet 	... 0.21 84 1.5 » 2 - - - 
event 	... 0.5 200 3.6 » 0.34 6.9 1.0 9.0 10-a 
max. 	... 0.6 240 4.3 » 0.24 8.4 1.8 1.6 10-2 
4/2 quiet 	... 0.28 94 2.0 2.2 10-s 0.06 3.9 3.6 1.6 10-3 
event 	... 0.5 170 3.6 » 0.02 7.0 - 9.0 10-s 
max. 	... 1.2 400 8.6 » 0.003 16.8 - 0.12 
5 quiet 	... 0.1 33 0.7 4.9 10-s 1 - 
event 	... 0.15 50 1.1 » 0.4 2.0 0.25 2.5 10 -1  
max. 	... 0.32 107 2.3 » 0.09 4.5 2.3 2.3 10 -3 
Note that for calculating K the value of Rf = 0.05 has been used. The same N2 has been used 
for all calculations at the same station. 
The results are plausible. The friction velocities are larger at Finngrundet than 
at the deep station 5, as is to be expected. Station 3 falls in between which also seems 
reasonable considering its position at the Finnish coast. The values at Finngrundet 
are about a factor of 4 smaller than the velocities found by Rodhe (1973) in the Katte -
gat. At the deep station the velocities are about an order of magnitude smaller than 
the Kattegat values. This appears very reasonable. The vertical transfer coefficients 
K compare well with the values found by other methods for the Baltic subsurface 
layers (e.g. Hela 1966, Matth .us 1977, Kullenberg 1977). 
The typical period of possibly disturbing von Karman eddies is in the range 
12 to 9 seconds, which appears to be well away from the dominating periods found 
in the records. 
An evaluation of the implications of the present results will be carried out when 
the data can be compared with other results from the June 1977 cruise, and when 
information on the sediment and bottom characteristics has been obtained from 
the material collected during that cruise. 
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SOME RESULTS FROM THE CURRENT MEASUREMENT 
PROJECT OF THE PORI-RAUMA REGION 
Pekka Alenius and Pentti Mälkki 
Institute of Marine Research 
P. O. Boy 166, SF-00141 Helsinki, Finland 
This paper discusses observations conducted on currents and water level 
during an observation project undertaken off the Finnish coast in the Bothnian 
Sea in 1976. Water level records of a 64-clay period and current measurements 
of a 30-day period were used in the data processing. Inertial motions were 
dominant in the deep moorings in the open sea in both the surface layer and 
the bottom layer, whereas in the more shallow coastal zone energy yvas observed 
to be more evenly distributed over different frequency ranges. In the current 
observations a period of strong inertial movements that lasted for roughly 
one week was noted. All the records show clear energy density maxima corre-
sponding to tidal and seichc movements. Especially the stably, stratified layer 
(20 m depth records) reveals a significant maximum in the range of low-
frequency internal waves. Unlike in observations in other coastal areas in 
the Baltic Sea, an intense maximum was not noted in the low-frequency range 
(periods from 100 h to 300 h). The results are discussed in, relation to the 
dynamics of the particular coastal region. 
1. INTRODUCTION 
Many of the earlier studies on the coastal regions of the Baltic Sea describe the 
large variability in currents and thermal structure (e.g. Kielman et al., 1973, hsilhki 
1975, Walin 1972 a, Walin 1972 b). Inertial movements have proved to be important 
in deep sea conditions, whereas a distinct concentration of energy on a low-frequency 
range has been observed alongshore in the coastal zone. Variations in thermal 
structure have been interpreted as long-periodic baroclinic Kelvin waves proceeding 
along the coast. The eigenoscillations of the whole Baltic Sea and its different basins 
have been studied and analysed by various authors (e.g. Krauss and Maggard, 1962). 
The eigenperiods are well known, although the combined results of different periods 
for the complex basin system are still a subject of discussion. 
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To study the current off the coast of Finland in the Bothnian Sea the Institute 
of Marine Research carried out extensive current measurements in July—SepEember 
1976. The intention was to collect measurements that would facilitate comparisons 
with corresponding observations from other regions of the Baltic Sea. This paper 
contains some features of the preliminary results obtained during the study. 
2. OBSERVATION MATERIAL 
The data for the Pori-Rauma project (PORA) were gathered from current velocity and direction 
observations by Aanderaa current meters in three verticals at depths of 10, 20 and 35 m (Fig. 1), 
observations of water level variations at the coastal tide gauge stations at 1-täntyluoto and Rauma, 
pressure observations on the sea floor at a depth of 90 ni, thermistor chain observations south of 
the current measurement vertical VO, and meteorological observations at the weather station 
in Mäntyluoto. Pressure data have not been analysed in this study. The analysis of the results of 
the thermistor chain is still at preliminary phase. 
The currents were observed with an average time of 10 minutes for the velocity and instantaneous 
recording of current direction was made at the same end of the interval. The mooring was a three-
point mooring to a subsurface buoy at a depth of roughly 5 metres. The thermistor chain consisted of 
thermistors at 3 metre intervals between depths of 8 and 23 metres; below this depth, the thermistors 
were at two metre intervals down to 33 metres, that is 11 thermistors altogether. Observations were 
made at 20 minute intervals. The tide gauges were of the standard type used by the Institute of Marine 
Research; recordings were digitized in the usual way at 1 hour intervals. Wind data were obtained 
at 3 hours intervals from the weather station of the Finnish Meteorological Institute. 
Fig. 1. Study region and the directions 
of the chosen coordinate axes. 
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The current velocity yvas divided into two orthogonal components; the a-component (positive 
to north) represents alongshore currents and the v-component (positive to the west) fluctuations 
transversal to the coast. In the calculation of spectra, the observation period was from August 12 
to September 10. An increase in resolution was achieved in the frequency spectra of the water levels 
by carrying out the observations from July 13 to September 14 rather than August 12 to September 
10. The corresponding spectrum for a one-month period revealed the same main features, except 
for the bias due to the trend in water level during that month, and the lack of some maxima owing 
to a lower resolution in frequency. 
The location of mooring stations is shown in Fig. 1 and a summary of the instrumentation 
is given in Table 1. 
TABLE 1. Observational data used in the calculations 
Sitc Type of obs. lat long obs. period Meas. interval 
Mäntyluoto . 	water level 61036 21028' 13. 7.-15. 10. 1 h 
wind 12. 8.-10. 9. 	3 h 
VO 	......... current, temperature 61°22' 21°01' 12. 8.-10. 9. 	10 min 
VOI 	........ current, temperature 61°31' 21007' 12. 8.-10. 9. 	10 min 
VII 	........ current, temperature 61°31' 20049' 12. 8.-10. 9. 	10 min 
T07 	........ thermistor chain 61°15' 20053' 10. 8.-16. 9. 	20 min 
3. WIND CONDITIONS AT MANTYLUOTO 
The variations in wind velocity and direction during the study period are shown 
graphically in Fig. 2. During the period from August 12 to September 10, the scalar 
average of wind velocity was 5.3 m/s and the standard deviation 3.3 m/s. The direction 
of the wind was very variable, a southerly wind being the most common. The wind 
velocity increased regularly from August 12 to August 20, and the direction turned 
from NE to N. The maximum daily average was 10 m/s on August 20. Thereafter, 
the wind force decreased considerably for two weeks or so. During this period, 
a typical phenomenon in the wind observations was the land-sea breeze. Another 
maximum was noted on September 7, when the daily average again exceeded 10 m/s; 
this time the direction was NW. The vector average of the wind from August 12 
to September 10 was -0.9 m/s (U-component) and -1.6 m/s (V-component), 
the vector pointing approximately towards SSW. 
4. WATER LEVEL VARIATIONS AT MANTYLUOTO 
In July-November 1976, a very long-periodic, almost sinusoidal variation that 
lasted for 38 ± 1 days was observed in the water level. The oscillation damped 
towards the end of the year. The same oscillation with roughly the same amplitude, 
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Fig. 2. \Vind vectors with three hours intervals during the study period (12. 8.-10. 9. 1978). 
20 cm, was observed in the Gulf of Finland as well. As in the northern Baltic Sea 
region in general, the water level decreased during northerly winds and increased 
during westerly to south-westerly winds. 
The water level fluctuations were analysed by a spectral analysis with Tukey-
Hanning filtering. To obtain good frequency resolution 400 auto-correlations 
were selected, which gave 8 degrees of freedom in this data set. The calculated 
water level spectrum is shown in Fig. 3. 
In the spectrum, statistically significant maxima with periods of 12.4 h, 14.3 h, 
15.7 h, 20.6 h, 22.7 h, 30.8 h, and 53.5 h were found. In addition, an almost significant 
(at 95 % level) peak was found in a period of 37.4 h. 
The first of the fore mentioned peaks corresponds to tidal movements with 14 2 
period. One statistically insignificant tidal maximum with a period of 11.95 h was 
also observed. In the diurnal tide, only one statistically insignificant maximum was 
observed, corresponding to the period of Q, (26.87 h). 
56 
l , 
10-' 
Fig. 3. Energy density spcctra of vcuter level at 
\låntyluoto. 
The maximum in the spectrum with a period of 15.7 h correspond to the uninodal 
seiche of the Gulf of Bothnia (Alenius 1977). Other peaks which can be interpreted 
as seiches are 37.4 h and 22.7 h, corresponding to periods T1 and T2 of the system 
Baltic Sea—Gulf of Bothnia (Krauss and Magaard 1962). Krauss (1974) has calculated 
eigenoscillations with the aid of a 2-dimensional model for the whole Baltic Sea; 
he found that instead of the two mentioned above, the uninodal and binodal seiche 
periods for the system are 53.3 hours and 24.1 hours, respectively. The former 
but not the latter was found in the present data as well. The 53.3-hour period was 
not observed in similar calculations with a Finnish barotropic model (Miilkki, 1977). 
Thus the question of the real seiches in the system is still unsolved. The period 
reported by Krauss and Magaard (1962) for a trinodal seiche, 17.9 hours, is close 
to a statistically insignificant peak with a period of 18.2 hours. Due to the transient 
character of seiches and the variety in bottom friction conditions, seiches must 
doubtless be analysed in greater detail before the problem can be solved. 
The other periodical fluctuations observed in the present data remain unexplained. 
The periodicity of 20.6 h was also observed in currents near the bottom, whereas 
a 30.6-hour period was not observed in the current data. The 53.5-hour fluctuation 
has also been reported by Funnes and Saelen (1977) from data gathered off the 
Norwegian coast. This fluctuation was also found in the transversal current com-
ponent in the present data, but not in the alongshore component. Owing to the 
abundance of random fluctuations in the data in the frequency range above the 
tidal frequencies, a detailed analysis of periodical components within this range 
seems meaningless. 
5. OBSERVATIONS OF CURRENT VARIABILITY 
The basic material for spectrum analyses of current velocity variations were the 
vectoral 1-hour averages of the two components /< and P. Table 2 gives the averages 
and standard deviations for the two velocity components of the currents from 
August 12 to September 10, corresponding to the calculated spectra. Figures 4 
and 5 show temperature variations recorded by the Aanderaa meters during the 
same period at stations VO and VO1. 
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TABLE 2. Means and standard deviations of velocity components at sites VO, VOl and V11 
Depth A'0 
a 
V01 
u r 
Vii 
u v 
10 	in mean - 2.9 ---0.9 -0.8 -1.0 - 0.4 0.3 
SD 10.3 9.2 7.8 6.4 11.3 11.9 
20 in mean - 0.4 -1.4 0.1 0.3 2.2 - 0.05 
SD 7.5 5.6 8.0 6.6 7.4 5.4 
35 ni mean 1.3 -1.2 - - 2.8 0.8 
SD 7.6 5.3 - - 6.8 4.8 
0 
-t. 
i~il 1 L_1 tt i` 
12. 	 1. 	 10 
VW 	 IA 
Fig. 4. Daily means of temperature at site VO at 10 m (-) 20 in (- - -) and 
35 ni (-----) depths. 
10 
5 
VIII 	 IX 
Fig. 5. Daily means of temperature at site V01 at 10 ni (-) and 20 m (- --) depths. 
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Fig. 6. Energy density spectra of current 	Fig. 7. Energy density spectra of current 
velocity components it (—) and v (— — —) 	velocity components it (—) and v (— -- —) 
at site VO at 10 m depth. 	 at site VO at 20 m depth. 
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Fig. 8. Energy density spectra of current 
velocity components it (—) and v (---) 
at site VO at 35 m depth.  
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Fig. 9. Energy density spectra of current 
velocity components u (—) and v (— — — ) 
at site V01 at 10 m depth. 
The spectra were calculated with the aid of 200 autocorrelations; the degree 
of freedoms in calculated spectra is 7. The energy density spectra are shown in 
Figures 6 to 13 
INERTIAL MOVEMENTS 
The largest maximum in all current velocity spectra was observed within a few 
percents of the local inertial period of 13.6 hours. This inertial movement has its 
maximum amplitude in 10 m and 35 m records, whereas the amplitude at a depth 
of 20 in was considerably less. This indicates that either the 20 m meter, which 
was approximately in the layer of the maximum density gradient, was above 
the thermocline some of the time and below it some of the time, and hence, a mixed 
set of current variability was recorded, or in this transition layer the inertial move- 
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Fig. 10. Energy density spectra of current 
velocity components it (—) and v (— — —) 
at site V01 at 20 m depth. 
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Fig. It Energy density spectra of current 
velocity components it (—) and v (— — —) 
at site V11 at 10 m depth. 
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Fig. 12. Energy density spectra of current 	Fig. 13. Energy density spectra of current 
velocity components it (—) and v (— — —) 	velocity components it (—) and v (— — —) 
at site V11 at 20 ro depth. 	 at site V11 at 35 m depth. 
ments have a relatively low amplitude. As in the study by Kullenberg and Hela 
(1942), the upper homogeneous layer and the layer below the thermocline had 
inertial oscillations in roughly the opposite phase. The weakness of inertial move-
ments at thermocline depth was also observed by Kullenberg and Hela. The inertial 
movements were not as dominant in the records of the current meters at station 
VO1, which was closest to the shore, as in the other stations. At this station more 
energy was concentrated on a low-frequency longshore component, whereas in 
outer sites low-frequency movements were weaker. 
Comparisons between inertial movements at different locations show that at 
station VO1 the oscillations were about 1900 off the phase at station V11. Correspond-
ingly, the phase differences between stations V11 and VO were only 20° in the 
surface layer; thus in the direction of the coast the wave number of inertial oscillations 
is much lower than in a transversal direction. This is consistent with earlier studies 
(Kielman et al. 1973, Mälkki, 1975). 
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Fig. 14. Energy density spectra of 10°C 
isoterm depth at site T07. 
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Fig. 15. Coherence between current velocity 
component u (—) and e (---) and 10°C 
isotherm depth at site V11 at 10 m depth 
and site T07. 
A period of about one week with strong inertial oscillations began on August 
21, following a short period of strong northerly vind, which caused intense Ekman 
transport westward in the surface layer. During this period, not only the current 
recordings showed inertial oscillations but also the temperature recordings revealed 
considerable vertical movements of inertial period. The oscillations of thermocline 
depth are in opposite phase to simultaneous alongshore inertial currents. A cross 
spectral analysis of different observations of currents and thermocline depth 
supports the simplified picture of free inertial movements in the whole mixed surface 
layer and a compensating current in the bottom layer, thermocline depth variations 
being clue to continuity constraints in the coastal region. The spectrum of the 10°C 
isotherm at site T07 is shown in Fig. 14, and the coherences between the 10°C 
isotherm fluctuations versus current velocity fluctuations at site V11 are shown 
in Fig. 15. 
Another period of strong inertial oscillations began on September 5. In this 
period the relationship between the currents and the thermocline depth was not 
as simple as in the previous one, probably because of more intense atmospheric 
forcing during several days. During this period the thermocline deepened towards 
the lowest depth of the thermistor chain, and prevented the detailed analysis of 
currents in ielation to thermal structure. 
OTHER PERIODIC MOVEMENTS 
A period of slightly more than 7 hours (7.1-7.7 hours) was observed in all current 
spectra. A period of 10 hours or so was also observed. Both are in the range of 
internal waves, but the presence of these periods, even in the mixed layer, means 
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that other explanations should not be discounted. The first period may be an eigen-
period of the Bothnian Sea, which was calculated to be 7.5 hours by Alenius (1977). 
Weak but statistically significant maxima were observed in all spectra in the 
range from 11 to 12 hours and in some at some 16 hours. The former may be inter-
preted as tidal oscillation, the latter as a result of interaction between the eigen-
period of the Gulf of Bothnia and the oscillation T3 of the Baltic Sea — the Gulf 
of Bothnia. A weak diurnal maximum is also present. 
An oscillation period of 37 h similar to that in water level variations was found 
in the transversal component, whereas in the longshore component oscillations 
with a period of 32 hours were observed. Further, a 60-hour maximum was observed 
in the longshore component, one statistically significant fluctuation with a period 
of some 54 hours was noted in the transversal component. 
VERTICAL STRUCTURE, COHERENCES AND LOW FREQUENCIES 
The energy density spectra (Figs. 6 to 13) show that at low frequencies in the coastal 
region more energy is concentrated on the longshore component than on the trans-
versal component. Coherences in the cross spectral analysis (Figs. 16-17) are high 
at this frequency range in both horizontal and vertical directions. At station V11 
the vertical distribution of energy density is more or less even at the low-frequency 
range. The same is not so obvious at the other observation stations, where both the 
distribution of energy to different components and the vertical distribution are 
more uneven. Coherences are high in the range of long-periodic maxima described 
in the previous chapters. 
Figs. 11-13 show the energy density spectrum of the longshore and transverse 
components of current velocity at station V11 at three depths, one in the surface 
layer and one in the thermocline region. The third, the 35 m current meter was well 
below the thermocline troughout the observation period. At this station the 
distribution of energy to high frequencies is insignificant, whereas in corre-
sponding spectra from station VO the amount of energy is considerable in 
Co 
-o B 
-ts 
-0.4 
- 0.2 
10-3 	 10-2 	 10-' un-' 
Fig. 16. Coherence between current 	Fig. 17. Coherence between current velocity 
velocity components it at sites V11 and 	components it at site V11 at 10 in and 35 m 
VO at 10 m depth. 	 depths. 
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Fig. 18. Energy density spectra of current velocities at different stations in the Baltic Sea 
(M ilkki 1975). 
this range, especially in the thermocline region. Moreover, at both sites a clear 
baroclinicity is apparent in the range of periods of 12 to 18 hours. Comparisons 
between the spectra obtained from this data with those from coastal waters off 
Sweden (Miilkki, 1975, Fig. 19), show a marked difference in the overall pattern. 
In the study mentioned, much of the current energy was found in the low-frequency 
range unlike in the present case. As can be seen in the said figure (reproduced 
here as Fig. 18), the baroclinicity at the low-frequency range in the open Baltic Sea 
was considerable, in contrast to the weaker baroclinicity in the present case. A direct 
comparison between the two studies is difficult because of the difference in observation 
years, record lengths and prevailing climatic conditions; none the less the difference 
may be due partly to the different large-scale current field in the two basins. To 
confirm this, a comparison should be made in the future. 
6. CONCLUDING REMARKS 
The preliminary results presented here are tentative owing to the partial analysis 
of the existing data. It is expected that a more detailed description of the conditions 
will be revealed in future analyses. This is particularly true for the data on pressure 
fluctuations, which it is to be hoped will permit us to look more closely at the long-
periodic motions and the geostrophic adjustment of the currents. Despite these 
weaknesses in the present material, the following conclusions have been reached. 
The coastal region, in which strong longshore currents were observed extends 
far beyond the baroclinic Rossby radius of deformation (in the present study of 
the order of 3 km). The currents at the shallowest observation station (some 21 km 
off the coast) show strong alongshore components and a weak transversal component; 
the thermocline depth showed considerable variations at 27 km off the coast. These 
data are not wholly consistent with results from other regions. 
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Although station V11 presumably does not fully represent open sea conditions, 
the data suggest that the average currents in the open sea tend to be relatively weak, 
the dominant feature being surface Ekman drift and inertial motions. In the open 
sea the frequency range of internal waves does not contain as much energy as it does 
closer to the coast. Most of the long-period movements were found to be barotropic, 
with a high coherence in a horizontal direction. 
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MEAN VALUES AND TRENDS OF PHYSICAL AND 
CHEMICAL PROPERTIES IN THE GULF OF BOTHNIA 
1962-1975 
Pietikäinen, Seppo, Niemi, Ake, Tulkki, Paavo & Aurimaa, Kati. 
Institute of Marine Research 
P. O. Box 166, SF-00141 Helsinki 14, Finland 
Physical and chemical data from sea cruises in 1962-1975 were processed 
by computer to determine levels and trends of different parameters for three 
depth zones, the Bothnian Sea, the Quark and the Bothnian Bay, as well as 
for sonic smaller sub-areas. 
During the study period the salinity increased, especially in deep-layers 
of the Bothnian Sea, at the same time as the oxygen content slightly decreased. 
Nevertheless, oxygen conditions are favourable even in the deepest basins 
of the Gulf. An uncertain decreasing trend can be observed in the phosphorus 
concentration. The concentration of nitrate in the Bothnian Bay is markedly 
higher than in the Bothnian Sea. 
The effects of the inflow from the Baltic Sca proper to the Gulf of Bothnia 
are discussed. 
INTRODUCTION 
Until 1961 all data from sea cruises by the Institute of Marine Research, Helsinki, 
were published in the series Merentutkimuslaitoksen Julkaisu/Haysforslcnings-
institutets Skrift. Since 1962 all new data have been included in the automatic pro-
cessing system of the Institute. The present study is a general review of hydro-
graphical and chemical parameters of the Gulf of Bothnia based on the latter data. 
MATERIALS AND METHODS 
There are about 2 400 hydrographical stations in the open Gulf of Bothnia; of these about 500 
are hydro-chemical stations. Nutrient observations from before 1967 are scarce. 
An attempt was made to calculate the mean values and trends with their respective standard 
deviations for the following production periods of the year: 
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Sc, area 	 Period I. 	 Period 2. 	 Period 3, 
Bothnian Sea 	Apr. 15—May 14 	May 15—Oct. 14 
	
Ocr. 15—Apr. 14 
The Quark .. 	May 1—May 31 June 1—Oct. 14 Oct. 15—Apr. 30 
Bothnian Bay 	May 15—June 14 	June 15—Oct. 14 
	
Oct. 15—May 14 
Owing to the geographical and chronological diversity of the data the results are somewhat un-
reliable. For different reasons the observations were made primarily during the summer. Hence 
a reliable study of production periods I and 3 was not possible, and calculations were made for 
the whole year on the basis of all available data. 
The data were analysed from the 10' X 10' unit areas shown in Figure 1. The subareas chosen 
(shown hatched in Fig. 2) are those with the highest sampling frequencies. 
I I 
e'er  I 
Fig. 1. Unit areas from which material is available. 
9 1278020337 
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Fig. 2. Representative subareas 
of Table I and the longitudinal 
section of Figs. 3 and 4. 
MEAN VALUES AND TRENDS OF DIFFERENT PARAMETERS 
Table 1 gives the mean values for representative sub-areas (Fig. 2), and Table 3 
the trends during the study period for the same areas. Instead of numerical values 
the trends in Table 3 are marked with symbols. The corresponding figures for 
the sea areas (Bothnian Bay, the Quark, Bothnian Sea) are given in Tables 2 and 4. 
Temperature. In summer there is no marked difference in surface temperature 
between the northern and southern sub-areas, The highest mean values are found 
in near-coast sub-areas (Q1, S6 and S7) and near the shallow northeastern part of 
the Bothnian Bay. The surface temperature at the deep basins (SI and B4) is lowest. 
The same is true for the layer 30-50 m. The temperature beneath the 50 m level 
tends to be lower in the Bothnian Bay than in the Bothnian Sea. 
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Owing to large variations, no trends for 1962-1975 are given for the 0-10 m 
and 30-50 m levels. A slight increasing trend can be observed below the 50 m 
level, especially in the Bothnian Sea. 
Salinrity. The salinity follows a familiar pattern: a decrease in content from south 
to north and from deep water to surface, as well as a lower content in the west than 
in the east, especially in the Bothnian Sea (Fig. 3 and 5, see also Dahlin 1976: Fig. 4). 
In the Quark there is a clear salinity gradient between the two main basins. 
Especially the deep water (> 50 in) of the Bothnian Sea increased slightly in 
salinity during the study period. 
Oxygen. Conditions are generally good, even in the deep basins (B4 and Si, 
Fig. 3). Minimutas values (37-90 %) are found in the Quark and southwest of it 
(Q2, Si and S2 beneath the level of 50 m). 
The oxygen decreased slightly during the study period, particularly in the deep 
layers of the Bothnian Sea. For the periods 1962-1968 and 1969-1975 (Table 5) 
there is a clearly decreasing trend in the deep water (> 50 m), especially in the 
Bothnian Sea, during the first period. No significant trend is abvious during the 
latter period. Bence, the oxygen saturation was 3 to 7 percentage units lower during 
the latter period in the water layer of 30-50 m and deeper in the Gulf of Bothnia. 
p1-I. The pH values decrease from south to north owing to the huge discharge 
of river water rich in humus from the northern bog areas. During the growing 
period there is a clear maximum in the annual cycle of pH (Fig. 4). Also the near-
coast sub-areas show lower pH values than do the central sub-areas. In the deep 
basins the relatively low pH values are associated with the decreased oxygen values. 
There is no significant trend in pH in 1962-1975. 
Phosphorus. The concentration of phosphorus (both total- and phosphate phos-
phorus) is geographically evenly distributed throughout the two uppermost layers 
in the whole Gulf of Bothnia. Nevertheless, the values in the Bothnian Bay are 
slightly lower than elsewhere. In the deep layers there is clearly more phosphorus 
in the Bothnian Sea and even more in the Aland Sea (Fig. 4). 
During the study period there is a slight but uncertain increase in the phosphorus 
concentration. 
Total nitrogen. The level of total nitrogen above the 50 in level is somewhat higher 
in the Bothnian Bay than elsewhere. No clear differences are found at deeper levels. 
In general, the total nitrogen shows an increasing trend in 1962-1975; the same 
has not been observed in the concentration of inorganic nitrogen compounds. 
Nitrate nitrogen. The mean values of nitrate nitrogen in the whole water column 
are clearly higher in the Bothnian Bay and in the northern Quark than in the Bothnian 
Sea. This is valid also for the growing period, as can be seen from Fig. 4. 
Nitrite nitrogen. Values are highest at intermediate depths of 30-50 m, the 
maximum values occurring in the southern sub-areas. 
Anr>imoaiaur nitrogen is evenly distributed; its maximum occurrence is in the north-
eastern Bothnian Bay (B1 and B3). 
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Fig. 3. Means of all observations of temperature salinity and oxygen at 
the longitudinal section (Fig. 2). 
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Fig. 5. Isohalines of the surface layer based on all obser- 
vations in 1962-1975. 
Silicate. A conspicuous decrease from north to south can be observed in the 
whole water column, the maximum occurrences being in sub-area B1. The vertical 
gradient is more prominent in the south. There is no clear trend in the content 
of silicate during the study period. 
CONCLUDING REMARKS 
Comparisons of the present salinity values with those from 1904-1907 (Witting 
1912), reveal that the salinity has risen ca. 0.5 0/ 00 in the near-bottom layers of the 
Bothnian Sea, but not so markedly in the surface layer of the same area, and not 
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without fluctuations (Fonselius 1969: 54-55). The salinity in the Bothnian Bay has 
remained at the same level since the beginning of the century (Witting 1912, Fonse-
lius 1969: 54). 
The oxygen saturation values have decreased since 1904-1907 in the near bottom 
layers of the Bothnian Bay and the Bothnian Sea. In the beginning of the century 
the isopleth of 90 % saturation in the southern Bothnian Bay was often below 100 m 
(Witting 1912), but in 1962-1975 the same isopleth was at a depth of 60-90 m 
(Fig. 3). In the near-bottom water of the Bothnian Sea the oxygen saturation was 
about 80 % (about 7 cm3 • dm-3) in 1905-1907, but according to the present data 
it is 66-83 % (about 6 cm3 • dm-3) (Fig. 3). Since the observations made by Witting 
the oxygen saturation has decreased from 80-90 % to less than 80 % in the deep 
water in the Åland Sea as well. Thus the present results are consistent with the con-
clusion reached by Fonselius (1969: 44-46) that during this century the oxygen 
content has decreased in the Bothnian Sea and possibly even in the Bothnian Bay. 
The highest salinity values in the southeastern Bothnian Sea may be due to the 
influx of saline water during the late autumn months when the salinity is at its 
maximum in the surface layer of the north-eastern Baltic Sea proper (see isohaline 
maps of Palosuo 1975). The known increase in surface salinity in the Baltic Sea 
proper is the most probable cause of the simultaneous increase in salinity in the 
Gulf of Bothnia. The increase in phosphorus during the study period seems to be 
connected with this phenomenon. 
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TABLE 1. Mean levels and standard deviations of hydrographical and chemical parameters for sub-areas of the Gulf of  
Bothnia (Fig. 2) at three different depth zones in summer (period 2). The values of nutrients are given as ug at : dm-3. 
908-0r4e t/°c 5D S/% SD 02/% SD p9 SD Tot P 	so pa4 SD Tot 0 SD NO SD A02 SD 016 4 SD s04 SD 
Bt 	0-101 11.5 3.5 2.83 0.33 102 3.4 7.7 0.4 0.116 0.07 0.04 0.05 16 4.2 1.9 1.3 0.04 0.04 7.9 0.8 35 	7.4 
30-50 2.6 11.2 3.61 0.13 93 5.0 7.6 0.2 0.13 0.10 0.06 0.06 16 4.0 4.7 1.7 0.06 0.06 0.8 0.7 31 	3.9 
50- 1.7 0.9 3.80 0.11 08 6.5 7.5 0.2 0.24 0.13 0.21 0.27 17 4.6 5.4 2.1 0.02 0.03 0.5 0.5 36 	7.5 
32 	0_iSo n .1 3.6 3.28 0.17 103 4.8 e.1 0.2 0.19 0.77 0.01 0.02 118 4.9 0.5 0.5 - - 0.2 3.1 21 	5.0 
30-50 2.7 1.2 3.57 3.10 95 4.2 7.6 0.2 3.18 0.07 0.02 0.02 18 3.8 3.2 1.4 - - 0.2 0.1 27 	4.0 
50 1.2 0.6 3.94 3.12 89 3.1 7.6 0.2 0.22 0.07 0.07 0.03 20 4.3 3.8 1.4 - - 0.2 0.11 28 	4.8 
93 	0-10e 1+.0 2.9 3.29 0.28 '02 3.6 7.9 0.11 0.17 0.06 3.04 0.05 16 3.4 1.5 1.4 0.06 0.06 1.1 1.2 17 	7.0 
30-50 3.7 -.1  3.52 0.11 94 2.6 7.7 0.2 0.2+ 7.70 0.06 0.05 119 3.5 4.3 11.3 0.13 0.09 0.8 3.5 25 	6.1 
50  
04 	o-tom 9.0 2.9 3.40 0.1622 4.3 7.9 0.2 0.20 0.11 0.05 9.05 17 3.8 1.8 0.9 0.14 0.07 0.6 0.3 27 	3.3 
30-93 2.4 11.7 3.70 0.15 96 3.8 7.7 0.2 3.15 0.08 0.06 0.04 +9 3.6 3.9 1.2 0.20 0.23 0.5 0.3 20 	2.4 
57- +.2 0.8 4.09 0.73 90 3.2 7.6 0.2 0.211 0.18 0.07 0.05 17 3.6 4.3 1.0 3.04 0.04 0.3 0.1 29 	2.7 
25 	7-150 11.0 3.2 3.37 0.16 106 0.2 9.0 0.2 0.18 0.0e 0.04 0.04 16 4.11 1.11 3.9 0.07 0.08 0.e 0.7 27 	7.1 
30-57 7.6 1.1 3.65 0.14 96 3.e 7.7 0.7 0.16 9.10 0.06 0.08 17 4.9 4.3 1.4 0.12 0.09 0.6 0.4 29 	4.3 
50 1.8 11.3 4.15 0.16 90 2.6 7.6 0.2 0.21 2.10 0.110 0.013 17 4.2 4.6 1.5 0.11 0.149 0.5 as 29 	4,6 
¢t 	0-100 12.4 3. 1  3.86 0.30 to: e.9 8.0 0.1 0.116 0.09 0.04 0.04 115 5.7 1.9 0.8 0.07 0.03 0.0 0.5 25 	4.4 
35-50 5.8 2.6 5.02 0.33 90 49.3 7.7 7.1 0.22 0.09 7.59 0.05 15 3.7 2.3 0.4 0.12 0.70 0.6 o.; 25 	3.6 
50  
¢z 	o-+oo n .7 2.9 4.68 0.43 103 4.9 4.2 3.2 o.?t 0.00 0.05 0.07 16 3.e 2.2 0.4 0.04 2.05 0.6 0.5 1e 	3.11 
30-50 2.0 11.3 5.89 0.20 97 7.3 7.9 0.2 0.+9 0.07 0.+0 3.94 115 2.4 1.2 0.9 0.08 0.07 0.0 1.11 22 	2.6 
50 2.4 0.6 6.25 0.30 75 6.3 7.6 0.2 0.56 0.12 0.38 0.06 117 2.4 3.4 1.0 0.04 0.02 0.6 0.5 26 	3.2 
71 	7-100 10.1 3.3 5.1 4 0.24 105 6.1 8.3 0.2 0.25 0.10 0.0E 0.05 16 3.3 0.1 0.11 0.02 0.02 0.5 0 .3 1 5 4.0 
33-500 +.8 0.9 5.67 0.11 94 4.7 7.9 0.2 0.24 0.13 0.05 0.05 14 2,6 0.7 0.5 0.12 0.07 0.4 0,3 117 4.1 
59- 2.4 0.5 6.35 0.11 75 6.3 7.6 0.2 0.63 0.16 0.49 0.11. '8 2.7 3.2 11.11 0.01 3.71 0.5 0.3 26 4.7 
c2 	o-+ote 1+.3 0.1 5.30 0.31 106 0.1 e.3 7.2 0.22 2.17 0.00 0.06 tc 3.e 0.11 0.4 0.011 0.05 0.6 0.4 te 0.5 
30-50 7.2 9.8 5.47 0.+2 95 6.0 7.9 0.7 0.16 0.113 0.05 0.06 +5 3.7 0.6 0.6 0.16 0.13 0.5 0.4 19 3.7 
50- 2.4 0.6 6.36 0.75 77 7.8 7.6 0.2 0.68 0.26 0.47 0.22 16 3.4 3.2 1.4 0.04 0.04 0.4 0.2 28 4.4 
27 	0-170 17.9 5.45 0.43 702 5.3 6.1 0.2 0.75 0.08 0.03 0.05 114 3.2 0.11 0.11 0.02 0.04 0.5 0.4 116 4.5 
30-50 3:e 3 0 6.77 0.05 ei 7.9 7.7 0.2 0.29 0.11+ 0.13 0.09 113 2.6 11.3 11.2 0.+6 0.19 0.5 0.4 7 4.2 
sc 	2-100 10.3 3.0 5.15 0.29. 100 5.6 4.7 0.1 0.211 0.06 0.05 0.05 +6 3.1 0.1 0.1 0.03 0.05 0.0 0.11 15 11.3 
57-50 3.11 11.0 5.76 0.15 95 7.0 7.9 0.2 0.23 0.04 0.09 7.05 ta 3.3 0.6 0.6 0.30 0.31 0.5 0.2 te 2.4 
50- -.6 1.5 5.04 0.15 89 0.6 7.7 0.2 0.47 0.15 3.21 0.12 117 2.3 1.7 0.9 0.27 0.30 0.3 0.3 22 3.9 
25 	7-10. 11.2 4.9 5.85 0.17 107 6.3 8.3 0.1 0.22 0.07 0.00 0.04 117 7.2 0.11 0.11 0.01 0.02 0.7 0.5 14 2.9 
37-50 3.3 1.7 5.95 0.12 9e 12.9 0.0 0.2 0.21 0.09 7.74 0.07 14 3.6 0.5 0.5 0.31 0.44 7.0 0.5 16 3.2 
50 2.4 0.6 6.50 0.18 84 7.8 7.7 0.2 0.66 0.33 0.39 0.16 17 6.2 2.1 1.0 0.16 0.22 0.5 0.3 23 7.2 
S6 	-100 112.+ 4.5 5.84 0.116 107 6.1 8.5 0.7 0.22 0.06 0.03 0.03 +6 4.2 0.1 0.1 0.01 0.02 0 .e 0.7 114 3.4 
30-50 5.4 11.3 5.99 0.11 97 7.0 7.9 0.0 0.19 0.04 0.08 0 .36 115 3.1 0.6 0.5 0.22 0.06 0.5 2.4 17 3.3 
50 2.5 0.9 6.37 7.16 66 6.7 7.7 0.2 0.57 0.22 0.29 0.09 16 5.9 2.0 0.7 0.15 0.11 0.5 0.5 22 2.4 
S7 	0-1os 12.5 4.2 5.90 0.18 102 5.11 e.2 0.2 0.19 0.07 0.03 0.04 +5 3.9 0.11 0.1 0.03 0.04 0.6 0.9 12 4.6 
30-50 4.5 2.7 6.06 0.09 99 6.9 7.9 0.2 0.26 0.07 0.71 0.06 115 3.0 0.7 0.5 0.11 0.02 0.4 0.3 17 1.2 
Sp_  
TABLE 2. Mean levels and standard deviations of hydrographical and chemical parameters for the three sea areas of the Gulf of Bothnia at 
three different depth zones in summer (period 2). Values of nutrients are given as ,csg at : dm-3. 
Sca arca 	t/'C SD 	S/ 0/ 	SD 01% SD 	pH 	SD Tot P SD 	PO; 	SD Tot N SD NO, SD 	NO, 	SD NH a SD Sio.F SD 
Period 
Bothnian Bay 
15. 6.-14. 10. 
0-10 m ... 10.5 3.4 3.22 0.36 102 4.5 7.9 0.2 0.18 0.08 0.04 0.05 
30-50 m ... 3.3 2.0 3.64 0.22 95 4.6 7.7 0.2 0.18 0.18 0.06 0.07 
50- 	m ... 1.7 1.4 4.01 0.19 89 3.8 7.6 0.2 0.21 0.11 1.11 0.16 
The Quark 
1. 6.-14. 10. 
0-10 m ... 11.4 3.2 4.33 0.61 101 4.7 8.0 0.2 0.18 0.06 0.05 0.08 
30-50 m ... 4.1 2.7 5.42 0.61 88 6.5 7.8 0.2 0.22 0.07 0.07 0.08 
50- 	m ... 2.5 0.6 6.27 0.23 74 5.9 7.6 0.1 0.53 0.20 0.41 0.12 
Bothnian 	Sea 
15. 5.-14. 10. 
0-10 m ... 10.6 4.3 5.57 0.36 105 6.4 8.3 0.2 0.21 0.10 0.04 0.05 
30-50 m ... 3.1 1.9 5.91 0.17 95 8.2 7.9 0.2 0.22 0.11 0.09 0.08 
50- 	m ... 2.5 0.9 6.33 0.34 81 9.5 7.7 0.2 0.60 0.25 0.39 0.20 
16 4.3 1.5 1.3 0.08 0.14 0.9 0.8 26 8.4 
18 4.7 4.3 2.3 0.12 0.13 0.7 0.6 29 6.3 
18 4.5 4.9 2.9 0.06 0.09 0.5 0.5 31 6.4 
16 3.6 1.0 0.9 0.06 0.07 0.7 0.5 22 5.9 
16 3.0 1.9 1.0 0.10 0.09 0.7 0.7 23 3.4 
18 2.7 1.1 1.0 0.04 0.04 0.6 0.5 28 3.1 
15 4.5 0.1 0.2 0.02 0.04 0.6 0.7 15 4.1 
15 3.6 0.7 0.9 0.21 0.26 0.6 0.4 18 3.6 
17 4.0 2.4 1.2 0.11 0.17 0.5 0.3 24 6.6 
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TABLE 3. The trends of diflcrent parameters in the summer (period 2) for sub-areas in the Gulf 
of Bothnia. The symbols: ++ clearly increasing; + obviously increasing; 0 unchanged 
level; 
	
	clearly decreasing; — obviously decreasing. Symbols in brackets mean uncertain trends 
due to scanty or uneven geographical and chronological distribution of observations. 
Sub-area 	 t/°C 	S//no Oz/% 	PH 	tot-P PO-P tot-N NO,-N NO,-N NI-]a-N SiO;-Si 
Bl 0 -10 	m ...... (--) 	0 
30 -50 	In ...... (--) 	-- 
50 — 	ni 	...... --- (—) 	-- 
B2 0 -10 	ni 	...... (—) 	0 
30 -50 	to 	...... (+) 	0 
50— m 	...... 0 0 	0 
B3 0 -10 	in 	...... (---) 	0 
30 -50 	to 	...... 0 	0 
50— m 	...... 0 	0 
B4 0 -10 	n1 	...... (--) 	0 
30 -50 	m ...... (--) 	-- 
50— in 	...... (+) (--) 	— 
B5 0 -10 	ni 	...... + H- (--) 	0 
30 -50 	to 	...... + (—) 	C 
50— in 	...... ++ 0 	0 
Q1 
Q2 
30-50 
50— 
0 
30- 
50 
0-10 m 	...... 
ni 	...... 
m 	...... 
-10 	ni ...... 
-50 	m 	...... 
— 	...... __ni ±+ 
0 	0 
0 --- 
(+) 	0 
(-F -F) 
(++) -- 
S1 0 -10 	in 	...... (++) -- 
30-50 in 	...... 0 	0 
50— rn 	...... .- (+-:-) --- 
S2 0 -10 	to 	...... 
30 -50 m ...... 0 -- 
50— in 	...... ±-F ±±---- 
S3 0 -10 	in 	...... ( 	—) 	0 
30 -50 	m....... ( -i-) -- 
50— in 	...... 
S4 0 -10 	m ...... (+) 	- 
30 -50 	ni 	...... (+) -- 
50 — 	in 	...... + + (±) -- 
S5 0 -10 	m ...... (+) 	- 
30 -50 	in ...... (+) -- 
50— in 	...... ++ -- 
S6 0 -10 	to ...... 0 	0 
30 -50 m ...... (+) 	-- 
50— m 	...... -i- -I- (.-, +) -- 
S7 0 -10 	m ...... (—) 	0 
30 -50 	m ...... (+) 	0 
50— ni 	...... 
0 	(+) 0Y 	0 0 0 (—) 	- 
0 	(+) 0 + + (+) 0 (—) 	- 
0 	(++) ( --) 	+ --- 0 (—) -- 
0 	(+) 0 	- 
0 	(++) 0 	- 
0 	(+) (—) ++ 
0 	0 0 ++ -r-H- (+) (-F -i-) 	0  
0 0 0 -F+ — (++) 	0 
0 	0 0 ++ =r+ (++) 	0 
0 	0 0 	-F -F (+) (+) (+) 	-F 
0 0 0 ++ (+) (++) (+) 	0 
0 	0 0 (+) 0 0 	+ 
0 	0 0 	+ -7- ++ (+) 0 	- 
0 	(+) (-) 	+ (+) (+) 0 	- 
0 	(T) (-r) 	-I--H 0 (I) 0 	— 
0 	(H-) 0 	— (+) (+) 0 	- 
0 	(+) 0 	--- 0 (+) 0 	— 
0 	(+) 	0 	I 0 (+) (+) — 
0 	(+) 	0 	-- (+) (—) ( -F) 0 
0 	(+ +) 	(-1-) ++ (-'-) (H-) 	- - -- 
0 	(+) 	0 	-I--H 0 0 0 - 
0 	(H-+) 	(+) 	-- 0 0 0 0 
0 	( --H) 	(f) 	r ( -H) 0 (--) + 
0 	0 	0 	0 0 0 0- --- 
0 0 	0 	0 0 0 0- 
0 	-- 	0 	0 — 0 0 0 
0 	0 	0 	-H 0 0 0----- 
O 0 	0 	- 0( --) 0 — 
0 	(+) 	0+ - 0 0 0 0 
0 	(+) 	(+) -r — 0 (-F H-) 0 -I- 
0 	(±)(±±) 	+ (+) (++) 0 -F- 
0 	0 	0 	— 0 0 0 0 
0 	( -I- ) (+-I-) 	-F (+) (++) (+) 0 
0 ( —) 	0 -- — (++) 0 -F 
0 	(+) 	0 +-H 0 0 ( 	) - 
0 	(++) 	(+) 	0 (+) 0 0 - 
0 (--) 	(+) 	+ 0 (—) 0 0 
0 	(+) 	0 +-H 0 0 (+) - 
0 (++) (++) +± (+) 0 0 -F 
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TABLE 4. The trends of difletcnt parameters during the study period fot sea areas of the Gulf 
of Bothnia. For symbols see Table 3. 
Sca area 
(m) 
t/°c 	s/°/o0 	O.J% 	pH 	tot-P PO,-P 	tot-N 	Noy-\ No, -N NH,-N 	Sion -Si 
Bothnian Bay 
0-10 	.......... - 	0 	0 	0 0 	+ 	+ 	(+) 0 	0 
30-50 	.......... --- 	0 	0 	(-F) 0 	+ 	0 (++) 0 	- 
50- 	.......... + 	(-) 	- 	0 	(+) (--) 	-i-- 	0 	(+) 0 	- 
The Quark 
0-10 	.......... 0 0 	0 ( -f) 0 	-- ± 	(1) (-1-) 	- 
30-50 	.......... (1) --- 	0 (-r) 0 	-I-= 0 0 0 	0 
50 	.......... i- -i- 	(i- -i) 	- -- 	0 (+) 	(- --) H-± (-F) 	0 (+) 	0 
Bothnian Sea 
0-10 	.......... 0 - 	0 0 0 	-- 0 	0 0 	- 
30-50.......... ± -- 	0 -I,- 0 	-;- 0 	(+) 0 	0 
50- 	.......... -.L = 	±+ -- 0 - 0 	- - 	(-♦) 0 	- 
TABLE 5. The levels and trends (as percentage pet year) of oxygen saturation with respective 
standard deviations for sea areas of the Gulf of Bothnia in summers. The study period is divided 
into two sub-periods, 1962-1968 and 1969-1975. 
Sca area 1962-1968 1969 -1975 
Period Levcl SD Trend SD Level SD Trend SD 
Bothnian Bay 
15. 6.-14. 10. 
0-10 m .. 103 4.5 -~-0.2 0.07 101 4.3 +0.5 0.06 
30-50 en . . 96 5.1 -0.8 0.08 93 3.7 -x-0.2 0.08 
50- 	. . 91 4.1 -0.7 0.08 88 2.8 0.0 0.00 
The Quark 
01. 6.-14. 10. 
0-10 in ... 102 4.8 -0.2 0.14 101 4.7 -0.8 0.16 
30-50 m ... 91 4.7 +0.3 0.16 86 6.7 -2.1 1.45 
50- 	m ... 77 5.3 -1.0 0.19 70 3.3 -0.7 0.20 
Bothnian Sca 
15. 5.-14. 10. 
0-10 m ... 106 6.9 -1.1 0.05 104 5.5 -0.8 0.06 
30-50 m ... 97 6.5 -1.0 0.05 91 9.3 -1.3 0.06 
50- 	to ... 84 9.2 -2.0 0.05 77 8.4 0.0 0.00 
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THE WINTERTIME TRENDS IN SOME PHYSICAL AND 
CHEMICAL PARAMETERS IN THE GULF OF BOTHNIA 
1966-1977 
Heikki Pitkänen 
National Board of Waters 
P. O. Box 250, SF-00101 Helsinki 10, Finland 
Linear regression analysis was used to determine \vinter variations in para-
meters where correlation exists between seasonality and one of the following 
variables: temperature, pH, salinity, OZ -%, tot.N, tot.P, tot.Fe, org.0 and 
Si02 at a 95 % or higher probability level in the Gulf of Bothnia in 1966-
1977. The origin of the data was information from winter monitoring of 
the Gulf of Bothnia. The trends of increasing pH and salinity and the decrease 
of Si-concentrations were the most dominant features in the study area. The 
increasing trends of Fe-concentrations were prominent in the deeper layers. 
Since 1965 the National Board of Waters has monitored the state of Finnish coastal 
waters in co-operation with the Institute of Marine Research. Samples have been taken 
from near-shore areas in the ice-free period, and also from sampling stations in the 
open sea in winter. 
Data collected in winter from the same area previously have been evaluated 
statistically by Kohonen (1974 a and b). IIe examined the quality of Finnish coastal 
waters and changes within depth levels and sea areas in 1966-1970. 
The aim of this study was to record changes in some physical and chemical 
parameters in the Gulf of Bothnia on the basis of winter observations made in 
1966-1977. 
MATERIAL AND METHODS 
The material comprises chemical and physical data analysed at four depth levels 
(1, 10, 40 m and 1-5 m over the bottom) at 32 sampling stations in the Gulf of 
Bothnia (Fig. I and Table 1). 
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Fig. 1. Sampling stations in the 
Gulf of Bothnia. 
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Linear regression analysis was applied to select series of data where a correlation 
existed between seasonal time and selected parameters at a 95 % or higher proba-
bility level. The trends were calculated according to results from the whole Gulf 
of Bothnia, the Archipelago Sea, the Bothnian Sea and the Bothnian Bay at five 
depth levels including the following variables: temperature (°C), 05-saturation 
percentage, pH, salinity (°/oo), tot.N (~.tg/dm3), tot.P (,ug/dm3), tot. Fe (steg/dm3), 
org.0 (mg/dm3) and SiO2 (mg/dm3). 
Missing values of parameters were replaced by corresponding mean values, 
which caused in reference to time correlation coefficients to be poorer. This affected 
especially the Fe-trends owing to the elimination of the —72 and —73 values, which 
were considered to be unreliable. 
Changes in methodology for determining tot.N (1970), tot.P (1971) and tot.Fe 
(1971) improved the accuracy of the analytical results, especially at low concentra- 
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TABLE 1. Sampling freyuences (1966-1977), depths and coordinates of the sampling stations 
Sea oroa 	Station 
Coordioatcs 
N 	E 66 67 68 69 70 
Yczr 
71 	72 73 74 75 76 77 
Dc th 
r 
Archipelago Sea X -4 59°56' 21°40' x > > '/ ,< x X X ,. 95 
X -2 60009 	20°57' x x„ x X x ;< 80 
X -1 60°21' 21036' x x < x x x x , 35 
3— 3 1 3— 3 3 3 3 3 3 
Bothnisn Sea SR -5 60005' 19°35' ;< 120 
IX -1 61°11' 20°09' x x x 125 
SR -7 61°05' 20°36' x x x 80 
IX -2 61°09' 20°42' ,_ x x >: 75 
SR -9 61°09' 21°15' ;< x x 23 
IX -4 61°09' 21°15' ,. < x 17 
VIII -3 61°57' 21°03' X „ x 40 
F-26 61°59' 20°04' x x 140 
V11 -1 62°39' 19°30' „ „ 140 
US -5 62°36' 20°01' ;; x >; 130 
VIT -2 62036' 20°01' ;< x x 135 
US -6 62°36' 20°34' x x x 50 
VII -3 62°33' 20°42' > x x >. 50 
US -7 62°36' 20°50' „ x 23 
VII -4 62°31' 21°00' < x x „ „ x 25 
8 1 7 1 1— 8 86 6 7— 
Bothnian Bay F-16 63°32' 21°05' „ x 50 
VI -1 63°31' 21°04' ,. x x ,. ;< 45 
V -3 63°48' 22°21' „ x ,. , x 45 
IV -4 64°07' 23°28' > < „ x „ x 20 
BO -6 64°08' 23°08' x >; x 30 
IV -3 64°11' 22°59' X ;< . .v 55 
IV -1 64°16' 22°21' < x x x > x 110 
RR -8 64°41' 24°05' ,< „ x >, 25 
III -3 64°39' 24°08' . ,, x x > > „ 25 
RR -7 64°44' 23°49' x x :. ;< 40 
RR -5 64°50' 23°10' x x x x 70 
III -1 64°51' 23°13' 90 
F -2 65°23' 23° 28' 85 
II -1 65°18' 23°38' ,. ;< ;< 80 
8 2 6 7 6— 8 6 5 5 5 5 
Gulf of Bothnia 19 3 16 9 10 — 19 17 14 14 15 8 
tions. In this study the affect was greatest on the total phosphorus trends, 
because the tot.P-concentrations, at least in summer in the Gulf of Bothnia, have 
often been even below 10 ,ug/dma (Fonselius 1971, Dahlin 1975, Voipio 1973 and 
1976). 
The analyses (except salinity) were performed at the laboratories of the National 
Board of Waters (the Water district laboratories and the Water Research Office 
laboratory) (Erkomaa & Mäkinen 1975, Erkomaa et al. 1977). The salinity values 
were determined in the Institute of Marine Research. 
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RESULTS 
Tables 2-5 present the correlation coefficients of the variables with reference to 
seasonality at a 95 % or higher probability level and the corresponding regression 
equations. The 1966-1977 mean values and standard deviations for depth levels 
of the Gulf of Bothnia and it's three sub-areas are shown in Table 6. 
TABLE 2. Correlation coefficients in depth levels, according to seasonality, their statistical 
significance and corresponding regression equations in the Gulf of Bothnia. 
1 m 	 70 	s 40 m 
Near bottom layer, depth of bottom 
50 m ~: 51 
temp..... 0.21}: 
(°C) 0.0+0.026a 
sal....... 0.18* 	0.22* 
(0/00) 4.62+0.0669a 	4.50+0.0819a 
p1-I 	...... 0.45** 	0.45*** 	0.54*** 0.32t* 0.56*** 
7,5+0,032n 	7.5+0.031a 	7.5+0.0428 7.6+0.021a 7.4-4-0.040a 
tot. 	P 	. . -0.24** 	-0.26** 	-0.28*  
(,ag/d ina) 17-0.56a 	19-0.74a 	17-0.51a 18-0.71a 
Si05 	. -0.24** 	-0.27*** 
(mg/dina) 1.9-0.043a 	1.9-0.0528 
Fe 	.. 0.25* 0.27** 0.27` 
(jtg/dins) 30+2a 40+4a 50-}-78 
= correlation coefficient significant at 95 % probability. 
r =_ » 	» 	» 	at 99 % probability. 
_ » it » 	at 99.9 % 	probability. 
a = number of years from 1966 (1966 = 0, 1977 = 11). 
TABLE 3. Correlation coefficients in depth levels according to seasonality, their statistical 
significance and corresponding regression equations in the Archipelago Sca. 
1 nt 	 10 rn 	 40 m 
Near bottom layer, depth of bottom 
50 m > 51 ni 
sal....... 0.58**„ 	0.59'''' 	0.80***  
6.18-{-0.05408 	6.20-1-0.05452 	6.42-{-0.05218 6.37T0.0645a 
pl-1 	...... 0.74*** 	0.69*** 	0.67** 0.66* 0.75*5* 
7.4-l-0.049a 	7.5=0.0468 	7.5-1-0.043a 7,4-f0,053ä 7.5-{-0.050a 
tot.N 	.... 0.49' 
(ag/d m3) 210 + 9.78 
tot.Fe 	. . 0.62** 0.53* 
(I.tg/d m3) 30+3a 40+10a 
= correlation coefficient significant at 95 % 	probability. 
_ » 	» 	» 	at 99 % 	probability. 
» » 	at 99.9 % 	probability. 
a = number of years from 1966 (1966 = 0, 1977 = 11), 
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TABLE 4. Correlation coefficients in depth levels according to seasonality, their statistical 
significance and corresponding regression equations in the Bothnian Sea. 
I m 	 10 m 	 40 m 	
Near bottom layer, depth of bottom 
<50 m 	 > 51 m 
temp..... 0.58*** 0.33* 	 0.60*** 0.42* 
(°C) -0.0+0.076a 0.3+0.056a 	0.2+0.097a 0.0+ 0.077a 
sal....... 0.74*** 0.75*** 	0.83*** 0.71*4:* 
5.62+0.0409a 5.61+0.0416a 	5.65+0.0416,1 5.73+0.0372,1 
pH 	...... Q74*** 0.75*** 	0.84*** 0,63*** 
7.5+0.055a 7.5+0.058a 	7.3+0.075a 7.6+0.042a 
Si02 	.. 	. -0.35** -0.38** 
(mg/dm') 1.4-0.023a 1.3-0.019a 
tot. 	Fe 	.. 0.45** 0.48* 
(ifg/dm3) 2045a 40+5a 
= correlations coefficient significant at 95 % 	probability. 
_ » 	» » 	at 99 % probability. 
_ » » » 	at 99.9 % probability. 
a = number of years from 1966 (1966 = 0, 1977 = 11). 
0,54** 
5.984-0.0532a 
0.77*** 
7.3--0.051a 
0,42* 
40+ 10a 
TABLE 5. Correlation coefficients in depth levels according to seasonality, their statistical 
significance and corresponding regression equations in the Bothnian Bay. 
1 m 	 10 m 	 40 m 	
Near bottom layer, depth of bottom 
<50m 	 >51m 
temp..... -0.50** 
(°C) 1.0-0.092a 
sal....... 0.48*** 0.40** 
(0/00) 3.41+0.0347a 3.47-1-0.0322a 
02 (%) .. 0.27* 
92+0.21a 
tot, 	P 	. -0.59*** -0.45*** 	-0.57** 
(Fig/dm3 ) 16-1.1a 20-1.5a 18-1.2a 
Si02 	.. -0.29* -0.26* 
(mg/dm3) 2.5-0.049a 2.4-0.046a 
Fe 	...... 
(,og/dm') 
= correlation coefficient significant at 95 % 	probability. 
» 	» » 	at 99 % probability. 
*** » » » 	at 99.9 probability. 
is = number of years from 1966 (1966 = 0, 1977 = 11). 
-0.52* 
2.1-0.13a 
-0.47*** 	-0.50* 
15-0.94a 14-0.64a 
0.29* 
30+5a 
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TABLE 6. Mean values (R) and standard deviations (S,) in winters 1966-1977 
Gulf of Bothr,ia Archipelago Sca 
m 10 m 40 ro < 50 m > 5! m 1 	m 10 m 40 m < 50 m > SI m 
t 	"C 	..... 31 0.2 0.2 0.5 0.3 1.4 0.1 0.1 0.3 0.0 0.4 
s 0.5 0.6 0.7 0.8 1.3 0.4 0.4 0.5 0.2 0.5 
S 	o/o , 	.... x 4.99 4.97 5.41 4.87 5.77 6.52 6.54 6.75 6.50 6.79 
s5 1.28 1.29 1.21 1.21 1.20 0.33 0.33 0.23 0.28 0.28 
p l-1 	...... -x 7.6 7.7 7.7 7.7 7.6 7.7 7.8 7.8 7.8 7.8 
s,. 0.3 0.2 0.3 0.2 0.3 0.2 0.2 0.2 0.3 0.2 
O_ °; 	... x 91 91 91 91 84 90 91 92 86 92 
s 5 7 7 7 9 10 8 7 7 10 5 
rot 	P 	.. x 14 14 14 14 20 19 20 19 25 23 
1tg/dnv' s, 8 10 7 9 13 5 5 5 10 6 
tot 	N 	... R 280 260 250 280 280 300 280 270 290 270 
1tg/d m3 s, 120 100 90 90 100 120 80 90 90 70 
SiG2 	.. x 1.6 1.6 1.7 1.5 1.5 1.2 1.2 1.2 1.4 1.0 
mg/dm' s5 0.7 0,7 0.7 0.7 0.5 0.4 0.3 0.7 0.4 0.3 
tot 	Fe 	... z 50 40 40 70 100 40 40 50 100 120 
dig/dml s5 80 50 30 60 110 20 20 20 80 100 
org C 	. x 5.8 5.8 5.5 5.6 5.7 5.5 5.5 5.2 4.9 5.2 
m g/d ma s, 1.7 2.0 1.4 1.9 1.7 2.0 1.6 1.2 1.3 1.5 
Bor hula a Sca Bot titian Bay 
I rti I0 	n, 40 ni < 50 n, 51 m 1 	m 10 m 40 	ni < 50 ,, >5! m 
t 	"C 	..... s 0.4 0.6 0.8 0.4 2.3 0.0 0.0 0.4 0.4 1.3 
s, 0.6 0.7 0.6 0.7 1.2 0.4 0.4 0.7 0.9 1.0 
SC! 	.... 1x 5.87 5.87 5.90 5.92 6.31 3.60 3.64 4.03 3.86 4.09 
s, 0.19 0.18 0.18 0.18 0.34 0.26 0.28 0.75 0.55 0.57 
pH 	...... x 7.8 7.8 7.8 7.8 7.6 7.5 7.5 7.6 7.6 7.5 
s~ 0.3 0.3 0.3 0.2 0.3 0.2 0.2 0.2 0.2 0.2 
O2 	... 51 89 89 89 93 77 93 94 93 92 90 
s, 8 8 9 6 9 3 3 3 6 5 
rot 	P 	.... X 15 14 13 15 23 10 12 11 11 11 
tig, dm3 s, 9 8 4 6 16 7 12 7 7 5 
tot 	N 	... x 280 260 230 280 290 270 250 260 280 260 
lig/d m'} s5 150 130 90 90 120 80 70 90 100 60 
SiO., 	.. 	. z 1.2 1.2 1.2 1.2 1.4 2.2 2.2 2.1 2.2 2.0 
mg/d m, s, 0.2 0.2 0.1 0.3 0.2 0.6 0.7 0.7 0.7 0.6 
tot 	Fe 	... x 70 50 50 70 100 50 40 40 60 70 
gidm; s, 120 50 50 50 110 40 60 30 70 120 
org C 6.1 6.3 5.9 6.2 6.4 5.6 5.7 5.2 5.5 5.0 
ing/dm3 s, 1.5 2.1 1.1 1.5 1.7 1.7 1.9 1.7 2.2 1.5 
11 	1278020337 
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DISCUSSION 
In the light of the present data the most dominant features of the Gulf of Bothnia 
in the winters 1966-1977 were the increasing trends in salinity and pH in most of 
the depth levels of the sea areas and the decrease in SiO,-concentrations in the 
two uppermost depth levels. 
According to Fonselius (1968), the pH of the surface layer of the Baltic proper 
is roughly 8.2, and thus it is higher than in the Gulf of Bothnia. Voipio (1961) reported 
that chlorinity and Si- concentration are negatively correlated in the Gulf of Bothnia. 
When the main portion of the incoming water originates from the surface layer 
of the Baltic proper, it is evident that the trends in salinity, pH and SiO2-concentration 
in 1966-1977 are primarily derived from the increasing influx of seawater during 
this period (Table 7). 
TABLE 7. Correlation coefficients and the statistical significance of pH and Si02-concentration 
for salinity in the Gulf of Bothnia in winters 1966-1977, according to sampling depth. 
1 nt 	 IS m 	 40 ❑, 	
Near bottom layer, depth of bottons 
< 50 m 	 > 51 m 
pH ...... 	0.49*** 	0.51*** 	0.46*** 	0.49  
Si .......__O.68*** —0.69**" —0.54*"* —0.65**>  
The Fe-concentration increased mainly in the near-bottom layers with correlation 
coefficients of 95 % probability levels. The reason for the apparent decrease 
in the trends of total phosphorus is most probably the increased precision of the 
analytical method applied. 
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OXYGEN BALANCE FOR THE GULF OF BOTHNIA IN 
VERTICALLY OPEN SYSTEM 
Kalervo Mäkelä 
Institute of -Marine Research 
0. 0. Box 166, SF-00141 Helsinki 14 
An idealized model for oxygen balance in the Gulf of Bothnia is described. 
\K/hen expressing the flows per unit area the model gives roughly the quantities 
of oxygen which are transported between the diflferent departments of the 
system. The present model is part of the ecological model of the Baltic Sea to be 
developed in future. The model proceeds step by step towards a more detailed 
formulation, whereas the results obtained are used to check the plausibility in 
selecting literature values. 
The main driving force in biological processes is assumed to be primary 
production, which determines the limits for the carbon and oxygen demand of 
the organisms. Because of the great variability of literature values in these 
processes an indirect representation is derived for these parameters in the present 
construction. The other driving forces are temperature and vind. Temperature 
serves to regulate both physical and biological processes, whereas wind velocity 
controls oxygen exchange between atmosphere and sea. Assumptions on steady-
state and so-called »black box»-hypotheses are used as media to reduce the 
complexity offered by nature for the model maker. 
The present model allows the average degree of oxygen saturation to be 
calculated during different production periods. The model predicts that at the 
assumed level of primary production the changes in oxygen concentration arc 
about +10 % of the prevailing saturation value. Observations show slightly 
reduced values (80-85 %), especially in deep waters; thus, assumptions on a 
well-mixed system may be too strong. Nevertheless the most critical points in 
the model are the boundaries water/sediment and water atmosphere, and it is 
on these that future work is concentrated. 
1. INTRODUCTION 
The state of the ecosystem can be described by various parameters. Oxygen is most 
commonly taken to represent the health of the system. Because the Gulf of Bothnia is 
exposed to vast quantities of oxygen-consuming materials from the pulp and paper 
industry and because nowadays the anoxic bottom waters are a more or less permanent 
feature of the Baltic proper, the oxygen balance was naturally selected to indicate the 
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present state of the Gulf of Bothnia. In spite of the load of organic wastes, which is 
higher than in other areas of the Baltic Sea, the Gulf of Bothnia is a satisfactory reser -
voir of natural purification. This gulf has been characterized as an oligotrophic lake 
as regards its nutrient load (Buch 1932); and evidently as a result of low production 
level and efficient mixing of waters, the concentration of oxygen in the bottom water 
has not dropped below 80 %. Nevertheless, there is an indication that the oxygen 
balance is slightly disturbed even in some pelagic parts of the basin. To what extent 
this is due to the external load caused by man cannot be determined until after the 
relative importance of different processes has been examined. The aim of this work is 
to establish the orders of magnitude for the oxygen flows when typical conditions 
prevail in the system. 
2. THE PRINCIPLES FOR THE OCYGEN BALANCE MODEL 
The general principles in the planning of the model were simplicity, versatility and 
continuity. Simplicity and versatility have been achieved partly at the expence of the 
resolution power of the model. By versatility we mean that the same basic model is 
applicable to both the Baltic proper and the Gulf of Bothnia when the boxes are 
appropriately combined for different purposes. The occurrence of generally accepted 
laws, principles and parameter values serves also as a measure of versatility, especially 
important if the model is to be used in a different environment than that for which it 
was planned. Further the basic construction of the model is such that it can be im-
proved without any need to change the fundamentals. 
The model is build up step from simple volume and state elements at the same 
time as the results obtained are used as guiding parameters in later stages. At its first 
stage the system works as a »black box», which is made more detailed qualitatively 
and quantitatively in the following stages. By a »black box» we mean any part in the 
systern for which starting and ending points are given but for which the internal func-
tion is unknown (Odum 1971: 22). In the model no pathways are taken which cannot 
be quantitatively estimated with moderate accuracy. Some ready parts have been used 
as short cuts in the model, such as typical values of parameters and their distributions 
in nature. Thus at this stage of modelling the present model does not attempt to 
describe these theoretically. If ready parts are used the model should be calibrated for 
these parameters. On the other hand, when these values are tixed the flows may 
remain incompletely formulated and the ability of the model to predict changes in 
different conditions is restricted. 
3. DESCRIPTION OF THE SYSTEM 
The system comprises atmosphere, water and sediment. The box consists of water 
bulk, which is restricted by the boundaries of these phases. The basic model is repre- 
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Fig. 1. Volumc elements of the Baltic Sca. 
A =- coastal water 	 D = underwater 	 G = connection with other sca areas 
B = surface water E = deep water H = sediment 
C = middle water 	 F = atmosphere 	 I = input 
The names of the different water bodies are used in this special model; they are not generally used. 
rented in Fig. 1. The Baltic Sea is divided on the grounds of its geomorphology and 
hydrography into two parts: 1. The Baltic proper (including the Gulf of Finland); 
2. The Gulf of Bothnia. 
The sub-regions are divided horizontally into two or more layers restricted by the 
thermocline and the halocline, and vertically into a major part (pelagic waters) and a 
minor part (coastal waters) (Fig. 1). According to the hydrographical features or 
meteorological changes, boxes B, C and D can be combined as shown in Fig. 1. A line 
of dashes has been used for some volume elements to point out that the significant 
factor is the area, not the volume. The sediment columns have been described so that 
direct transport from one sediment box to another is possible (density currents with 
short duration). This is because sediments quickly establish the same physicochemical 
and bacteriological conditions as before transport in nature or after artificial relayering 
in the laboratory (Krumbein 1971, Hargrave 1975). 
STAGE 1 
This stage deals with the annual oxygen budget of the Gulf of Bothnia in a closed 
system. General principles of production and decomposition of organic matter are 
considered on the basis of a stoichiometric model of carbon and oxygen production 
as well as bacterial respiration and biomass. 
Assumptions: 1. The observation area is the Gulf of Bothnia. The influence of the 
coastal water (A) is disregarded, and it is supposed that there is no interaction between 
the systems of the Gulf of the Bothnia and the other sea areas (G). 2. It is supposed 
that the water phase (C) and the gas phase (F) are homogeneous. 3. Energy exchange 
is the only means of interaction between the water phase and its surroundings. 
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Fig. 2. Onc-box model of the Gulf of Bothnia. The arrow describes light energy 
starting the annual production cycle. The arrows in the circles indicate that the 
system is well-mixed, not only in the horizontal but also in the vertical direction. 
The letters indicate the same as in Fig. 1. Here C represents B = C -1- D, because 
the thermocline and the halocline are lacking and the deep water is disregarded for 
its minor share in the Gulf of Bothnia. 
These assumptions imply that a closed pelagic water ecosystem is observed, in which 
the mechanical energy is sufficient to keep the system homogeneous in spite of a 
tendency to create a summer thermal gradient. The same influence affects the density 
gradient (salinity), which is much smaller in this region than in the Baltic proper. 
If no other assumptions are made the amount of organic substances assimilated 
equals that regnerated, as the amount of oxygen produced equals that consumed; thus 
there is no need to use the oxygen resources from the atmosphere in this ideal situation. 
The amount of organic substance created annually can be evaluated by means of 
primary production measurements, and for this we a value of 50 gCm -2a -1 (Lassig 
t'f al. 1978). 
Phytoplankton synthesis and decomposition are described by the equations 
CO ; H2O C(H2O) -+- O, 	 (1) 
NO, -r 2H 2 0 —± NH 3 -r- 20, + OH - 	 (Syrett 1962) (2) 
NH 3 -E- 2O + COQ —> NO + HCO- + H2O 	 (Broecker 1974) (3) 
C: N: P = 217: 31: 2 by atoms, phytoplankton 	 (Fleming 1940) (4) 
Richards (1965) has used for mixed phyto- and zooplanhton a brutto equation 
(CH2O) tos(NH a) rt,H 3PO.r + 138 Os ± 106 CO_ -{- 
122 H..O + 16 HNO„ + H,PO., 	 (5) 
E1:3 
Owing to different element composition the photosynthetic quotient (PQ --- 
402/,dCO 2) from the equations (1)—(4), 1.29 is slightly lower than that obtained 
from eq. (5), 1.30. If the circulation of nitrogen is not taken into account, 50 gC/m'-a 
equals 133 gO 2/m2a, and if nitrogen takes part in reactions, the corresponding amount 
is about 30 % greater than the former value. The quantity of oxygen produced can be 
calculated from the equation 
	
= 2.67 •(PQ)•C 
	
(6) 
where Qp r = The quantity of oxygen produced photosynthetically 	(gO.,/m 2a) 
C 	= Primary production (gC/m2a) 
2.67 = The stoichiometric coefficient between oxygen and carbon (= 32/12) 
In Table 1 the amounts of substances that are annually cycled by the phytoplankton 
have been calculated on the supposition that mineralization is complete and that the 
substances produced are distributed evenly thronghout the whole water body. 
TABLE 1. The amounts of elements taking pert in the annual 
cycle of phytoplankton in the Gulf of Bothnia (A = 115 879 km2, 
V — 6 378 km3, h = 55 m, Falkenmark & \likulski 1975). 
c 	 N 	 0, 	 P 
50.0 	 8.3 	171.4 	1.2 	g/m' 
0.91 0.15 3.12 0.022 g/m3  
5.80 	0.96 	19.90 	0.14 	l 0' 2g/ r1 
The values in Table I make it possible to calculate how often phosphorus is cycled 
annually. When a value 5 mg m is used for the total phosphorus of the Gulf of 
Bothnia and it is assumed that the total amount is recycled, phosphorus is cycled 
roughly four times (22 mg/5 nig = 4.4). It has been reported that in the lakes phos-
phorus cycles on an average 20 times per year (10-40), Colterman 1975); it is obvious 
that also in the sea, phosphorus is recycled more often than four times. If we suppose 
that the decomposing material is divided evenly throughout a layer, the thickness of 
which is N x 5.5 m, a mean circulation value (r) is obtained from the equation 
r = 44/N 	 (N = 1,2, ... , 10) 	 (7) 
The value obtained from this model is probably and underestimate, which grows 
steadily with decreasing recycling depth. Thus the value r = 22 is obtained if a 
recycling depth of 11 m is assumed, and an intermediate value 9 is obtained if recycling 
is half the mean depth of the Gulf of Bothnia. 
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1\Totes on bacterial respiration and densitj , 
If reasonable values for bacterial respiration or densities were available, these 
could be used to check the amount of oxygen produced on the assumption that the 
same amount is consumed as is produced. Excluding local data on bacterial densities 
in the Baltic proper and in the Gulf of Finland (Ankar 1972, Rheinheimer 1974, Gocke 
1974, Seppänen & Voipio 1971, Väätänen 1976), bot values are lacking for the Gulf 
of Bothnia. Hence, in this attempt, the bacterial density was assumed to be the same 
as the global average for oceans (105 cells/ml, in 100 ni surface layer); for the respira-
tion of bacteria, the values reported in the literature were used. Later it became evident 
that the values used in our first attempt for both the individual weight of bacterial cell 
and specific respiration were not a representative combination for the Gulf of Bothnia. 
Hence, in the second stage, the carbon and oxygen demand of bacteria were expressed 
indirectly. 
STAGE II 
In this stage the oxygen budget for the Gulf of Bothnia is formulated taking into 
account the exchange of oxygen between air and sea, and the oxygen consumption 
exerted by the sediment. The time scale (one year) is divided into three production 
periods, in which different sets of parameters characterize oxygen transport properties 
of the system. 
Assamptions: The basic assumptions are as 1-2 in Stage I (p. 86); instead of 3 we talte: 
The exchange of energy and oxygen between the boundaries water/atmosphere and 
water/sediment is allowed. 
4. BASIC EQUATION 
The annual oxygen budget can be formulated as, 
Q~, — Qots + QPP~ — R„:, — U,,1 — R,, = vQ 	 (8) 
= Quantity of incoming oxygen (gm -2a -') 
Qo,g = Quantity of outgoing oxygen 
= Oxygen produced photosynthetically 
R,,,t = Respiration in the water 
Used = Oxygen uptake of the sediment 
R,,, = Respiration increment caused by external input of oxygenconsuming material 
4Q = Change of oxygen storage of the water 
It is assumed here that 4Q = 0 and R,„ = O. 
12 1278020337 
The equation (8) means simply that in a steady state the integrated quantities of 
oxygen plus the oxygen produced in the water must balance the annual consumption. 
In other words, we have assumed that biological oxygen-producing and -consuming 
processes are normally slower than the physical ones and thus the balance 
between the boundaries can be established in a relatively short time. However, from 
experience we know that this is not quite true. The diffusion of oxygen into the 
sediment may be a limiting factor; similarly in the case of an intensive spring bloom 
or a sudden temperature change it takes days or weeks for the gas equilibrium between 
atmosphere and sea to be established. In fact, the sea never reaches complete equi-
librium. 
In this consideration these difficulties are avoided by assuming that the reservoir 
is well-mixed and by using a constant value for the sediment uptake instead of ob-
serving the diffusion processes in the sediment or oxidation capacity of the sediment. 
In other words, the quantity U 1 is defined as the boundary condition. As long as the 
respiration terms (incl. U,0d) do not exceed the sum of the other terms, the equation 
(8) is valid. In the following, a year is divided into three production periods, and it is 
assumed that the above equation is valid during each production period (i.e. dQ = 0). 
5. DETAILED DESCRIPTION OF THE FUNCTIONS Q, R AND U 
The functions Q  Q , Rm „ U 1 and R~ are assumed to be independent of each 
other, and 	is determined by these average values, which in turn are functions of 
temperature (T), salinity (S), wind velocity (w), bacterial density (B), bacterial respira-
tion at 20° (r), zooplankton density (Z) and respiration (r 0), and time (t i ). 
,Qinc and 0,1g 
The first two terms in the basic equation (8) describe the apparent flows from the 
atmosphere into the water and vice versa. The resultant of these opposite flows equals 
the net flux, which can be expressed according to the first law of Fick as 
dQ 	 be 
dt = — AD,„o1 s5z (9) 
dQ 
dt = Mass transfer rate of the gas (MT- ') 
= Coefficient of molecular diffusion (L2T -1) 
åc 
~z 	= Concentration gradient in the direction z, z is positive downwards (ML —') 
A 	— Area (L2) 
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The equation (9) can be approximated 
dQ 	(c 	c) 
dt 
= AD., 	z ---. or 	 (10) 
ri 
dc 	(cs~, — e) 
	
dQ I 	dc 
because ~t 	= ~t and V/A = h 
c,,,, = Saturation concentration at a given temperature and salinity at the interface 
c = Concentration on the lower side of the film 
= Thickness of the film 
A = Contact area 
V = Volume 
N = Mean depth of the reservoir 
At this point we do not integrate the equation (11) like Streeter & Phelps (1925) 
but we follow the ideas of Broecker (1974) and Broecker & Peng (1974). If all terms 
on the right side in equation (10) are assumed constants during a given period of 
time t;, it can be integrated, and we get for the net flow per unit area 
Q = Q1 + vc t -- vet, , = - 	 (12) 
zri 
If Q, = 0, then (Q =) Q = vtcsl, — vtc 	 (13) 
The essential question is now, does Q = vtc,,, and Qo,, = vtc or something 
else. According to the interpretation by Broecker, these are the apparent quantities of 
gases, which are continuously moving in and out simultaneously as required by 
dynamic equilibrium. The quantity (v) has a dimension of velocity, and (vt) has a 
dimension of length. Thus (vtc) represents a column of gas with length (vt), and with 
a unit base area (1 m2) and concentration (c). 
This concept can also be vivualized by two imaginary pistons moving in opposite 
directions with velocity (v) and carrying columns of gases with concentrations c,,,, 
and c. 
Although, according to the usual reaoration theory (e.g. Lewis & Whitman 1924), 
the net flow is dependent on concentration difference, it seems that the apparent flows 
are independent of the difference. In fact they are not fully independent of the differ-
ence, because the term (c,, — c) can be rearranged to (c,„ — 0) — (c — 0). The 
apparent flows are thus proportional to the maximum difference between the film. 
atmosphere 
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Fig. 3. A schematic representation of independent flows in the liquid film. The arrows indicate the 
direction of the flows. The dashed lines describe concentration gradients in both directions and the 
solid line the resultant gradient. 
It is correct in the mathematical sense, of course, if we take any number we want 
instead of zero, but in the physical sense zero is the only one reasonable; otherwise we 
arrive at a situation where there are parts of gases in both phases, which do not 
exchange molecules at all (Fig. 3). 
This figure demonstrates that, according to this interpretation, the sum of the actual 
concentrations never exceeds the saturation value in the filni, which would be against 
physical conditions. The resultant (net flow) is the same in both versions of gas 
transfer models, but because we are interested in the brutto flow's and because the 
concept of independent flows has other applications, too, we use this in the model. The 
brutto Rows must be determined, for we are going to define the degree of saturation 
as a ratio of Q05 and Q;,,,. The flow through the system is expressed with an illustrative 
example in Fig. 4. 
The thickness of the film is assumed to be inversely proportional to the square of 
the wind velocity (Kanwisher 1963) 
a 
zt;i = zb ((~)z 	 3 m/s < w < 16 m/s 	 (14) 
where zs and wb are reference values. In this case they represent the global averages, 
the determination of which is based on the isotope fractionation procedures under 
natural conditions (see the values compiled by Broecker & Peng 1974). The values 
used in this model are: 
wg = 8 m/s and z} = 50 X 10 -6 m. 
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Fig. 4. Flow diagram for oxygen. The incoming flow from the atmosphere Q;,,C depends 
only on the saturation concentration in the surface layer and on the exchange coefcient. 
The outgoing quantity Qo,g is calculated as a residual term from Eq. (8) for annual oxygen 
budget. The average degree of saturation (DS) for the system is expressed as a ratio of 
outgoing and incoming amounts of oxygen (DS = 100 : Qotg/Q;,,à. Qpt,r is the photo-
synthctically produced quantity of oxygen, Rat is the total respiration in the water, and 
Used is the oxygen uptake of the sediment. The position of the external input 
Re„ is left open. 
We are well aware that surface film thicknesses of about 50 microns or more lack the 
basis of physical reality, being 104-105 times the molecular diameter. This defect 
has been noticed by other authors, too, and various alternative theories have been 
proposed. None of the other theories is generally accepted, and hence parameter values 
reliable enough for modelling are not available. This defect has led some authors to 
treat the problem from the point of view of fluid dynamics; when ready, the results 
may be applicable to our purposes in oxygen exchange. In brief, in the present 
model the quantity of incoming oxygen is calculated from the equations 
k, v 2 	 (15) 
Dn,o! C,  r 
1. 
	 ( 
`d°•7 
16) 
 
The quantity of oxygen Qo,a which is not used within the system can be obtained 
as a residual term from Eq. (8). 
U pp,. 
The quantity of oxygen produced Q1,i,r  is calculated from Eq. (6). The primary pro-
duction is assumed to be distributed between the production periods (t;) in the 
following way (the share of production on the right) 
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t t 	= 15.5 —14.6 = 1/12 a 1/3 
= 15.6 —14.11 = 5/12 a 2/3 
= 15.11-14.5 = 6/12 a 0 
The subscripts refer to the time in months. The same division of time is used generally 
in the model. Further it is assumed that Eq. (8) is valid also for these disparate periods 
of production. 
R. 
The total annual respiration in the water is the sum of bacterial respiration R, 
zooplankton respiration R 0, and the small residual respiration, term Rao, caused by 
fish. 
R u'1t = X(Bwat X Lh1c x O 	J.' L, x r<o0 	R Csh) X t i 	 (17) 
i = 1,5,6 
z 	r 
=R0+R.o0+R11 
= Mass of the bacteria in the water (gB/m2) 
= The specific respiration rate of bact. at 200  (gO2/gBa) 
Z = Zooplankton density (id/m2) 
r öo = Zooplankton respiration at temp. (T) (gO2/ind.a) 
R ISA, = Respiration of the fish (gO2/m,a) 
0 = Temperature coefficient 
T = Mean temperature of the water 
t; 	= Time period (see above) 
U,, and R,a., 
Literature values are used for the uptake of oxygen caused by the sediment; the 
respiration increase caused by external input can be estimated on the basis of the BOD 
values for rivers, municipalities and industry. 
A flow diagram for oxygen can be drawn on the basis of the above theory. It is a 
physical through-flow system with lesser contributions of biological processes. The 
right and left sides in the figure are actually the same surface. 
6. EQUATIONS FOR BACTERIAL DENSITY AND RESPIRATION 
The relations governing bacterial densities and annual respiration are assumed to be: 
a) Carbon demand (18)—(21) 
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C=C„-+ C0 	 (18) 
fbac = Fraction of carbon annually utilized by bacteria 
C = Carbon produced annually 
Cbl~ = Carbon used for cell material synthesis (production) 
Co„ = Carbon used for energy (respiration) 
(1—Y) 
Coxi =  (19) 
where Y is yield coefficient i.e. (cell material synth./'substr. utilized). For C 	the 
following equation can be obtained: 
Cb,C. =0.5:n•B 	 (20) 
n 	= Number of generations per year (a-,) 
B 	= Mean standing stock of bacteria (g/m2) 
0.5 is carbon content of dry weight 
= 1—ft~d—fzoa—f1,i, 	 (21) 
The other terms are fractions to be sedimented, respired by zooplankton and higher 
forms of life, mainly by fish. 
b) Oxygen demand 
rb,c ' B = 2.67 . f,_ ' C ' (PQ) 	 (22) 
r i„C = Specific respiration rate of bacteria (gO2/gBa) 
(PQ) = Photosynthetic quotient (moles 02/moles C) 
2.67 is conversion factor 32/12 
It follows now from the equations (20), (19) and (18), 
	
F1,. C Y 	
(23) 
B 	0.5 • n 
and from (22) and (23), 
0.5.2.67•n•(PQ) 
rb,C = — 	Y 	 (24) 
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In Table 2 values for the basic parameters have been calculated by using the following 
values for different parameters in equations (18)—(24). 
f1,,~ = 0.68 	 Y = 0.3 
f,00 = 0.26 n = 120 a-t 
f.d = 0.04 	 PQ = 1.34 
fr,h = 0.02 
TABLE 2. Parameters used in model construction. 
Quantity 	Symbol 	Unit 	 it 	 t, 	 t,; 	Source 
Lii/ia/ passe/ei.t 
Surface 	temp. 	.......... Tsri C 
Salinity 	............... S °/nn 
Average 	temp. 	......... T,,,.c °C 
Wind 	velocity 	......... w m/s 
Coefi. 	of 	mol.diff. 	...... D, oi ma/s 
Bact. 	density 	.......... B gB/rn2 
Bact. 	resp. 	at 	20°C ..... rg;~ gO,/g&t 
Bact. 	resp. at temp. 	T .. rb,~ g05/gBa 
Temp. 	coed............ n 
Temp. dependence 	..... 
Zoopi. 	dens............ Z ind./nr' 
Zoop]. 	resp. 	.......... r:)oo }Oz /ind.a 
Fish 	resp. 	............. Rtsh ; 02/m2a 
Uptake 	in 	sed.......... U 1 gO5/m2a 
Quant. 	prod. 	......... Qi,t,r g02/m2;t 
Distr. 	in 	prod.......... 
Pm n»re/er.c lo be ca/cu/a/e(l 
Saturation concentration . cs,,, n,0,/m' 
Film 	thickness 	......... ztil m 
Annual 	mean density of 
hacteria 	............. j gB,/m' 
Quantity of incoming 
oxygen 	.... 	..... Qing gOs/m"a 
Quantity of outgoing 
oxygen 	.............. Qote g02/m2a 
Degree of saturation 	... DS (°/t,) 
6 	11 0 1) 
5 5 5 2) 
2 	 5 3 1) 
4 4 6 3) 
4.3x10-2 	5.0x10 2 3.7x10-" 4) 
1.5 b 	1.25 B 0.75 B 5) 
2 234 2 234 2 234 6) 
626 	759 670 
1.074 1.074 1.074 7) 
0.28 	 0.34 0.30 
55x103 	193x10a 83x103 8) 
0.173 x 10-' 	0.432 x 10-' 0.259 x 10' 9) 
4 	 4 4 10) 
360 360 360 11) 
179 	179 179 12) 
0.33 0.66 0 13) 
occordiWg /o /he foivunla 
Tables of oxygen saturation 
(14)  
(23) 
(15)  
(8) 
DS — Qoig/Qinc . 100 
1) Ahlnäs, 1962, p. 5-8 
2) data register of IMR 
3) Venho 1963, p. 15 
4) Brocker & Peng 1974, p. 22 
5) the present model and Väätäaen 1976, p. 20, Hoppe 1976, p. 297, ZoBcll 1963, p. 16 
6) the present model and equation (16) and O 
7) \Vuhrmann 1956 
8) Lindquist 1959, p. 117 
9) Gauld & Raymont 1953, hteAI1isret 1969, p. 211, li\•hrshaII & Orr 1966 
10) 1lcAllister 1969, p. 215 
11) Edberg & Hofsten 1973, Seppovaara & Niemi 1974 
12) assumed on the ground of primary production and photosynt, quotient and stoichiometric 
relationship, Eq. (6) 
13) Bagge & Niemi 1971 
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7. CONCLUSIONS 
In the construction of this preliminary model we were compelled to make many 
assumptions because of the scarcity of up-to-date information. How ill-founded they 
were is shown in the results of Table 3 and Fig. S. The evident discrepancy between 
the results and assumptions is due to the insufficient coupling of carbon and oxygen 
flows. This is most striking in the values of U$ed in Fig. 5. If a steady state is assumed, 
then the areas above and under the time coordinate should be the same. Visual 
integration reveals immediately that this is not so, and the value of UsCd must be far 
too great. This is because, for this, we used a value found in literature instead of 
requirements of the earlier assumptions made in the model. In Eq. (21) a value of 0.04 
was assigned to f which would equal about 7 g02/m2a, i.e. roughly two hundredths 
of the value of Us.d in Fig. 5. The above estimate for sedimented material is based on 
raports by Pustelnikov (1976), Oppenheimer (1960), Wiebe etal. (1976), Smith (1974), 
Degens & Mopper (1976) and on the working hypothesis that a major part of natu-
rally produced organic substances is decomposed quickly in free water, whereas a 
nearly constant minor part (2-7 %) is resistant and needs solid surfaces to be decom-
posed. Such surfaces are the most abundant provided by the sedimentary column, 
where the degree of decomposition is finally determined by the diffusion rate of 
oxygen and sulphate. 
Since sedimentary input and the literature values of oxygen consumption differ so 
much from each other, the next task is to find out the reasons for this. To obtain better 
information about the magnitude of oxygen consumption in the sediment theestimates 
of different processes must be compared in the future. Setting U, d to equal the 
amount of diffusion models gives an estimate which can be compared with the carbon 
demand of the bottom community and with the rate of carbon decomposition in the 
sediment. 
TABLE 3. Results of a computer programm for a one-box model of the Gulf of Bothnia. The 
corresponding diagram is shown in Fig. 5. 
Quantities of oxygen to be trznsportcd during difcren 
t t 
periods (gO,/m') 
ts to tt, 
Q. 
	.................. 211 	( 5 	5) 1 094 (26 	5) 2 868 (69 11) 4 173 
Qppr 	.................. 60 (33 33) 119 (67 13) 0 179 
R bae 	.................. 13 (11 11) 66 (54 11) 43 (35 	6) 122 
Rzoo 	.................. 1 ( 2 	2) 35 (76 15) 10 (22 	4) 46 
Rfsh 	.................. 2 2 4 
Used 	.................. 30 ( 8 	8) 150 (42 	8) 180 (50 	8) 360 
Qotg 	.................. 227 ( 6 	6) 963 (25 	5) 2 633 (69 11) 3 820 
DS 	(%) 	............... 107 88 92 91 
Numbers in brackets are: distr. (%), relative efficiency coefficient (month)-1, which have been obtained 
by dividing the percent share 	by t i . 
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Fig. 5. Calculated quantities of 
oxygen in the production cycle. 
In a steady state the integrated 
areas at the upper and lower 
sides of the time coordinate 
should be uqual. The marked 
share of Used (double the pri-
mary production) reveals that 
this assumption is not fulfilled 
if the value in Table 2 is used 
for US,d. The symbols used arc 
as in Tables 2 and 3. 
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PHYTOPLANKTON PRIMARY PRODUCTION IN THE GULF 
OF BOTHNIA IN 1972-1975 AS COMPARED WITH OTHER 
PARTS OF THE BALTIC SEA 
Julius Lassig, Juha-Markku Leppänen, Åke Niemi, and Gösta Tamelander 
Institute of Marine Research 
P. 0. Box 166, SF-00141 Helsinki, Finland 
Phytoplankton primary production in si ,, and production capacity (Finnish 
standard method) were measured in 1972-1975 at four of f-shore stations in the 
Bothnian Bay, the Bothnian Sea, at the entrance to and in the middle of the 
Gulf of Finland. Hydrography, total phosphorus, total nitrogen, and chloro-
phyll a were also investigated. 
In order to give an overall view of the production level in the Baltic Sea, 
estimates of annual primary production have been compiled from various 
sources. Production values were highest in the Sound, in the southern Baltic 
Sea and in the Gulf of Finland. The Gulf of Bothnia was less productive than 
the rest of the Baltic Sea, the Bothnian Bay being clearly its least productive 
region. Comparisons between annual production values of different years in the 
Bothnian Bay revealed a slight increase. In the Gulf of Finland the trend was 
positive at all stations. 
In 1972 a long-term study on phytoplankton primary production, biomass and 
species composition in the sea areas around Finland was started at the Institute of 
Marine Research, Helsinki (IMR). The main aim of the study is to follow the seasonal 
and year-to-year fluctuations of these parameters in the most unaffected sea areasl 
regularly accessible. Another important aim is to obtain background information on 
the current marine environment with a long-term perspective in view. For the present 
study the results of primary production in 1972-1975 have been reviewed together 
with conditions in other parts of the Baltic Sea. 
STUDY AREA AND SAMPLING STATIONS 
The Gulf of Finland is directly connected with the Baltic proper without sills, whereas 
the Gulf of Bothnia is separated from the rest of the Baltic by shallow sills south of 
the Aland Sea. The sills prevent the nutrient-rich Baltic deep water from flowing 
into the Bothnian Sea. The general hydrography of the northern Baltic has been 
described by several authors, including Witting (1912), Hela (1962), Palosuo (1964) 
and Fonselius (1971). 
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Results of corresponding investigations in the Gulf of Finland are included in 
this report to give a clear picture of production conditions in the Gulf of Bothnia. 
The subareas studied: the Gulf of Finland, the Bothnian Sea and the Bothnian 
Bay, are all in different salinity ranges (Table 1 and Fig. 2). The sampling stations of 
the IMR are all situated off the coast and can be regarded as representing the open 
sea. The duration of ice cover at the stations is shown in Figs. 1 and 4. 
The station Ulkokalla (64°18.4'N 23°23.4'E) in the Bothnian Bay is situated 9 nm 
off the coast and has a depth of ca. 40 m. The growing season is short. The area has 
fast ice for an average of 120 days per year. 
In the Bothnian Sea, the station Kaskinen (62°10.0'N 21°09.9'E) is situated 7 
nin off the coast. The mean depth is ca. 40 m. Fast ice covers the area for an average of 
90 days per year, although in some years the area may be almost free from ice, as in the 
winters 1972/1973 and 1973/1974. 
The station Tvärminne (59°43.4'N 23°13.3'E) at the entrance to the Gulf of 
Finland is situated at Ajax ca. 6 om off the archipelago. The mean depth is ca. 50 m. 
The area has fast ice for an average of 50 days per year. Years entirely free from ice 
occur from time to time. During this study there was fast ice during only one Tveek 
in 1972/1973 and none in 1974/1975. 
The station Orrengrund (60°13.1'N 26°31.4'E) is situated in mid-Gulf of Finland, 
7 nm off the archipelago. The depth varies from 20 to 40 m at the sampling site. The 
area has fast ice for an average of 90 days per year. 
METHODS 
Phytoplankton primary production wns measured in silu at depths 0, 1, 2, 3, 4, 5, 6, 8, 10, 12.5, and 
15 m. Hydrographic measurements were made and samples taken for chemical analysis at 0, 5, 10, 15, 
20 nr at greater depths at every tenth metre. During the ice-free period, studies were performed every 
third weelc if possible, and during the ice cover period once in late winter. 
The samples were talsen with a Rattner sampler equipped with a mercury thermometer. The 
chemical analysis was made by the standard methods used at the INIR (Korolefl 1976). Chlorophyll a 
was d~terniined by a method in which methanol is used as solvent and which has been briefly described 
by Niemi eL al. (1970). The primary production in si/u and the primary production capacity were 
measured by the 1"C method (Steetnann Nielsen 1952) using a standardized technique (Lassig & 
Niemi 1972). The incubation time was 24 h, as recommended by the Baltic Marine Biologists (Gargas 
1975). The amount of total carbon dioxide was calculated according to Bitch (1945). The results of 
studies on phytoplankton species composition and biomass in 1972 and 1973 have been published by 
Niemi & Ray (1975, 1977), and will not he discussed in the present paper. 
RESULTS 
HYDROGRAPHY 
Compared to the long-term mean the ice was normal in winter 1971-1972 (Fig. 1). 
The following winters were mild and the ice periods short (Fig. 4), although the 
number of ice-days in winter 1973-1974 corresponded to the long-term means of the 
area. At Tvärminne no ice-cover developed in winter 1974-1975. 
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Fig, 1. The number of ice-days 
according to Palosuo (1966). 
The sampling stations of the 
l MR, Helsinki, are inserted. 
Broken line: ice does not occur 
every winter, 
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Seasonal fluctuations in temperature (Fig. 2) were similar at all stations. The 
summer temperatures of the surface layer in the Gulf of Finland were higher than in 
the Bothnian Sea and Bothnian Bay, and the surface layer of the Gulf of Finland 
warmed up earlier. Summer 1974 yvas cold and the surface temperatures were lower 
than in other years. As could be seen for instance at the station in the Gulf of Bothnia 
in 1974 winds shifting between land and sea often result in temperature changes in the 
surface layer owing to movements and mixing of water masses. A steep and early fall 
in surface temperature in late summer at the stations in the Gulf of Finland points to 
upwelling of cold subsurface water and Baltic deep water. 
The salinity fluctuated slightly at all stations. In the Gulf of Finland, especially at 
Tvärminne, the surface salinity increased markedly during the study period (Table 1). 
The greatest year-to-year fluctuations were observed at Tvärminne, and the greatest 
fluctuations during the growing period at Orrengrund (Fig. 2). 
TABLE 1. Salinities of the study period at different stations (5/00, means of the surface layer, 0-10 In). 
Sjudy arc, 	 1972 	1973 	1974 	1975 
Bothnian Bay Ulkokalla ......................... 	— 	3.6 	3.5 	3.6 
Bothnian Sea Kaskinen .......................... 	5.7 5.8 5.9 — 
Gulf of Finland Tvärminne ...................... 	5.9 	6.2 	6.4 	6.4 
Gulf of Finland Orrengrund ..................... 	5.0 5.3 5.1 5.2 
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Fig. 2. Temperature, salinity, total phosphorus and total nitrogen (mean of 0-10 m) at U l kokalh 
(.........), Kaskinen (__), Tvärminne (_______ 	), and Orrengrund (----------) in 1972-1975. 
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TOTAL PHOSPHORUS AND TOTAL NITROGEN 
The highest values for total phosphorus and total nitrogen in the surface layer (0-
10 m) were generally obtained when the ice had broken up, and a certain amount of 
nutrients, bound in the organic matter, vanished from the surface layer in connection 
with the sedimentation of the vernal phytoplankton biomass (Fig. 2). Thus, the lowest 
values were measured in summer. In late summer, blooms of blue-green algae accom-
panied the increase in the concentration of total nitrogen in the surface layer. When 
the growing period ended, the concentrations of total phosphorus and total notrogen 
increased as a result of mixing of the water column. 
The nutrient level in the surface layer (mean of 0-10 m) in June—September is 
presented in Fig. 3. The summer mean value of total phosphorus for the study period 
was at Ulkokalla 4.6 rng/m3, at Kaskinen 5.3 mg/m3 (cf. also Pietikiiinen et al. 
1978), at Tvärminne 11 mg/m3 and at Orrengrund 8 mg/m3, and the level of total 
nitrogen at Ulkokalla 260 mg/m3, Kaskinen 210 mg/m3, Tvärminne 270 mg/m3 and 
Orrengrund 300 mg/m3. In late August 1972, the level of total nitrogen at Orrengrund 
was exceptionally high (1 154 mg/m3) possibly owing to the vigorous bloom of blue-
gree algae at the same time. 
tot N 
mg/m3 
400 
350 
300 
250 
200 
150 
100 
50 
Fig. 3. Total phosphorus and total nitrogen at Ulkokalla, Kaskinen, Tvärminne and Orrengrund in 
1972-1975. Means of the measurements in the 0-10 m layer during June—September. The values 
are inserted above, the years below each column. 
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PRIMARY PRODUCTION AND CHLOROPHYLL A 
There was a marked difference between the annual level of primary production at the 
four stations studied. I-Iowever, the year- to- year fluctuations at the individual stations 
were great, particularly in the Gulf of Finland (Fig. 4). 
The means of the annual primary production of assimilated carbon during the 
study period were at Ulkokalla 18 g/m'a, at Kaskinen 57 g/m2a, at Tvärminne 103 
g/m1a and at Orrengrund 101 g/m2a. The year-to-year fluctuations were smallest at 
Ulkokalla (16-20 g/tn2a) and largest at Orrengrund (53-154 g/m2a). 
The greatest daily production values were obtained during the vernal bloom in 
the Gulf of Finland: Tvärminne 1975 (2 055 mg/med) and Orrengrund 1972 (1678 
nig/mzd) and 1974 (2 380 mg/rn2d). The lowest summer values were obtained at 
Ulkokalla ca. 50 mg/mZd, at Kaskinen ca. 150 mg/m'-d, at Tvärminne ca. 170 mg/mad 
and at Orrengrund ca. 120 mg/med. The highest summer values obtained were in late 
summer during the blue-green algal period: at Kaskinen ca. 560 mg/m'd, at Tvärminne 
ca. 620 mg/med and at Orrengrund ca. 790 mg/med. Similar blue-green algal maxima 
were not observed in the Bothnian Bay (cf. also Niemi & Ray 1977). 
In the Gulf of Finland, corresponding seasonal fluctuations in the amount of 
chlorophyll a were observed during the growing period: a vernal maximum (20 
mg/me), a low (1--2 mg/m3) in mid-summer and high values (5-10 mg/m3) in late 
summer caused by abundant blue-green algae, and decreased concentrations of 
chlorophyll a with the approach of winter. High values for chlorophyll a were 
occasionally observed in late autumn, apparently owing to the occurrence of calm 
sunny periods favouring production (Niemi & Ray 1977) and possibly to the devel-
opment of high concentrations of chlorophyll a in algal cells as a result of light 
adaptation (Fig. 4) (cf. Steemann Nielsen 1975). 
At Kaskinen, chlorophyll a was measured only in 1974, and even then not during 
the vernal production peak (see the values of 16. IV. 1974, Fig. 4). A marked vernal 
chlorophyll a maximum has not been observed at L1lkolcalla, although in summer 
1974 the values were high (4.2 mg/mP). 
In summer (June—September) the mean amount of chlorophyll a in the surface 
layer (0-10 m) fluctuated between 0.8 and 2.8 mg/nP (Table 2). The values of the pri-
mary production capacity (Table 2 and Fig. 5) showed similar year-to-year variations 
TABLE 2. The means of the concentrations of chlorophyll a (mg/ma) and primary production 
capacity of cathon (mg/mad) in the surface layer (0-10 m) in summer (June—September). 
	
Chloro1,hvll a 	 Primary production cupcity 
Station 
1972 	1973 	1974 	1975 	1972 	1973 	1974 	1975 	it 
Ulkokalla ....... — 	— 	2.8 	1.0 	— 	32 	56 	35 	39 
Kaskincn ....... -- 	— 	0.8 	— 	70 	47 	85 	— 	67 
Tvärminne ...... 2.0 	2.3 	1.6 	1.6 	65 	117 	117 73 93 
Orrengrund ..... 	 1.1 	1.9 	126 	66 	109 	70 	93 
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as chlorophyll a and in situ primary production. In the incubator method used, how-
ever, unfavourable light conditions are not a limiting factor as in nature. This is 
revealed by the relatively high primary production capacity values in late autumn 
(Fig. 5). 
DISCUSSION 
As mentioned earlier, the Bothnian Bay in particular is characterized by the long 
duration of its ice cover, and consequently the shorter growing period than the 
northern Baltic Sea proper. The shorter growing period is, however, partly com-
pensated by the longer day at this latitude. In the Bothnian Bay the onset of the 
growing period is also shifted towards summer. In the central Bothnian Sea the 
duration of the ice cover is clearly shorter than in the Bothnian Bay, and the proba-
bility of ice cover even smaller than in the Gulf of Finland (Palosuo 1966). 
It is generally agreed that the phosphorus level is lower in the Gulf of Bothnia 
than in the Baltic Sea proper (Buch 1932, Voipio & Särkkä 1969, Fonselius 1972, 
Kohonen 1973, Voipio 1976). In the present study, the total phosphorus level for the 
growth period differed slightly between the Bothnian Sea and the Bothnian Bay (cf. 
p. 105). Pietikäinen et al. (1978) found differences of the same magnitude. The differ-
ences are much more pronounced when the values for the whole year are compared 
(Pictikäinen et al. 1978). As early as 1932, Buch pointed out that phosphorus is 
obviously the factor limiting phytoplankton production in the Gulf of Bothnia. The 
figures for annual primary production in the northern Baltic Sea show that in the 
Bothnian Bay primary production is about one third of that in the Bothnian Sca, 
where the level of primary production is about half of that in the Gulf of Finland. 
The main reasons for the lower production in the Bothnian Bay than in the 
Bothnian Sea seem to be the low phosphorus level, the short growing period, the low 
altitude of the sun and maybe the amount of yellow substances in the water. In the 
Gulf of Bothnia the phosphorus level is notably lower than in the Gulf of Finland, 
vvhere nitrogen is the most marked limiting factor, at least for the vernal primary 
production (Niemi 1975). Hobro et al. (1975) have come to a similar conclusion as 
regards the Landsort area. 
In the Bothnian Sea the curve for the seasonal fluctuations of primary production 
rends to have two maxima: a vernal maximum in April—May, and a second maximum 
in late summer. This, however, shows great temporal and quantitative fluctuations 
From year to year. In the Bothnian Bay the vernal maximum is delayed to June; 
the autumnal maximum is less defined (Figs. 4 and 5) (cf. also Meskus 1976 and 
Alasaarela 1977). 
The investigation period in the Gulf of Bothnia was rather short, comprising only 
three years at each station. Because the duration of the ice cover varied conspicuously 
from year to year (Fig. 4), it was difficult to obtain a clear general picture of the annual 
rythm of phytoplankton production. 
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An overall wiew of the production level in this area of marked regional differences 
is obtained from the estimates of annual primacy production in the Baltic Sea compiled 
in Figs. 6 and 7. Production values are highest in the Sound, the southern Baltic Sea 
and the Gulf of Finland. The Gulf of Bothnia is less productive than the rest of the 
Baltic Sea, and the Bothnian Bay is clearly the least productive region (Fig. 7). Detailed 
comparisons are, however, difficult since the results reported by different authors are 
not fully comparable; differences have, for instance, been noted in the incubation 
system and in the incubation time, and in the calibration of the GM-tubes 
(cf. Niemi 1978). Kaiser & Schulz (1975) used an incubator system, and the other 
investigators the in .rita method. Finnish investigators used a longer incubation time 
than other investigators (p. 102). 
A comparison between the production values of the summer months, thus omitting 
the vernal production peak, reveals the same general view as described above (Table 
3). In fact, the summer production values in the Bothnian Bay include the vernal 
phytoplankton maximum, which is shifted towards the height of the summer. The 
»actual summer» values, corresponding to the low production stage following the 
vernal maximum, would be even lower. 
TABLE 3. Mean daily production of issimiiared carbon (mg/rd) in the summer months in different 
parts of the Baltic; compiled and calculated from: Fonselius t (1972), Renk a (1974) Ackefors & 
Lindahl 3 (1975 a, 1975 h), Ilus't (1976, 1977), lvfeskus 5 (1976), Alasaarcla6 (1977), Edler 7 (1977), 
Karjala el al.s (1977), Lindahl (1977 a, 1977 h), 
The Sound 	 Baltic proper 	 Gu If of Pi ,,laud 	 Both nian Sca 	 Bot knia tt Bay 
420 —520) Hanö a 	640 	Tviirminne 	390 	Finngrundet 1 270 	Ulkokalla 	130 
	
Gdansk Deep 2 400 	Kopparnäsa 680 	Eurajoki 	220 	Hailuoto'' 	76 
Gotland Sea 3 510 	Lovisa arch.4 310 	Kaskinen 	280 	Ulko- 
Hävringe 1 	340 	Orrengrund 380 	The Quark 3 	430 	kronnit 5 	140 
The primary production capacity values give the same general picture as the in si/ii 
measurements of the production level in different sea areas (Table 2 and Figs. 4 and 5). 
The measurement of primary production capacity does not give actual production 
values; it is, however, an important method of testing productivity and is useful in 
studies where regular in sita measurements are not feasible. This method is also 
suitable when monitoring investigations have to be performed with a minimum of 
measurements per year. It is difficult to determine accurately the level of chlorophyll 
content since chlorophyll a was measured only during 1-2 years per station, except 
at Tvärminne (4 years). 
Annual production values for different years in the Gulf of Finland increased 
slightly at all stations. Niemi (1975) and Pesonen (1977) have measured production 
values that are clearly lower than those of other investigators; there may, however, be 
a discrepancy in the calibration of the GM- tubes (cf. Niemi 1978). 
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Fig. 6. Annual primary production in different parts of the Baltic Sca. The production values are 
inserted abovc, the years below each column. The Figure has been compiled from various authors as 
follows: 1 Fonselius (1972), 2 Kaiser & Schulz (1975), 3 Niemi (1975), 4 Renk el al. (1975), 5 hus 
(1976, 1977), 6 Meskus (1976), 7 Alasaarcla (1977), 8 EdIct (1977), 9 Karjala el al. (1977), 10 Lindahl. 
(1977 a, 1977 h), 11 Pesonen (1977), 12 Wulff (1977). 
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Fig. 7. The level of annual primary production in the Baltic Sea given as means of the values presented 
in Fig. 6. Compiled from various authors (Fig. 6). 
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In the Bothnian Sea the Swedish values for annual production in 1961-1968 show 
a clear increase (Fonselius 1972). The same marked increase was not observed in the 
results reported by different authors from 1972 onwards. 
In the Bothnian Bay the year-to-year fluctuations of annual production were 
rather small. The production values might have increased slightly in 1968-1975. 
SUMMARY 
Phytoplankton primary production in sstu and production capacity (Finnish standard 
method) were measured in 1972-1975 at four off-shore stations in the Bothnian Bay, 
in the Bothnian Sea, in the entrance to and in the middle part of the Gulf of Finland. 
Hydrography, total phosphorus, total nitrogen, and chlorophyll a were also investi-
gated. 
The summer mean values of total phosphorus and nitrogen in the surface layer for 
the study period were in the Bothnian Bay 4.6 and 260 mg/m3, in the Bothnian Sea 
5.3 and 210 mg/m3, and in the Gulf of Finland 8-11 and 270-300 mg/m3, 
respectively. 
Primary production and chlorophyll a content showed corresponding seasonal 
fluctuations at all stations. In the Bothnian Bay, however, the vernal maximum was 
shifted towards midsummer, and the late summer maximum was less defined. 
The means of the annual primary production of assimilated carbon in the study 
period were in the Bothnian Bay 18 g/m2a, in the Bothnian Sea 57 g/m2a, and in the 
Gulf of Finland 101-103 g/m2a. 
The mean summer values of primary production capacity of carbon were in the 
Bothnian Bay 39 mg/mad, in the Bothnian Sea 67 mg/mad, and in the Gulf of Finland 
93 mg/mad. 
Estimates of annual primary production have been compiled from various sources 
to give an overall view of the production level in the Baltic Sea. Production values 
were highest in the Sound, in the southern Baltic Sea and in the Gulf of Finland. The 
Gulf of Bothnia was less productive than the rest of the Baltic Sea, the Bothnian Bay 
being clearly its least productive region. Comparisons between the annual production 
values in different years in the Bothnian Bay reveal a slight increase. In the Gulf of 
Finland the trend was positive at all stations.' 
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ECOLOGICAL PRODUCTION STUDIES OF THE PHYTO-
PLANKTON AND ZOOPLANKTON IN THE GULF 
OF BOTH NIA 
Hans Ackefors '), Lars Hernroth z), Odd Lindahl ") and Fredrik Wulff') 
Primary and secondary production in the Gulf of Bothnia as well as the ecology 
and community structure of the plankton fauna are reviewed. In the archipelago 
of the northern Bothnian Bay the annual primary production is estimated to be 
13 g C m 2 and the secondary production 4 g C m a. Under off-shore 
conditions primary production in the northern Bothnian Sea is estimated to be 
103 g C : 1 -2. In the Åland Sea primary production is estimated to be 103-
132 g C m-2 and secondary production about 14 g C : m -2. Those values can 
be compared with those for the southern Baltic proper where primary produc-
tion may amount to 191 g C : m -2 : year' and secondary production to 20 g 
C m-' : year-t. 
The results indicate a higher food chain efficiency within the ecosystem 
of the northern basins compared to the Baltic proper. Chlorophyll con-
centrations, phytop]ankton and zooplankton biomasses and secondary 
production are thus comparatively greater in the Gulf of Bothnia than in 
the Baltic proper as regard to the primary production. 
The structure of the zooplankton community changes greatly from north 
to south. Cladocerans and rotifers may play a more important role in the 
northern basins but the copepods constitute the majot part of the 
zooplankton biomass in all areas. 
There is a similar change in the species composition and abundance of 
rotifers and cladocerans. 
Microzooplankton, especially the ciliates, is in many respects a very 
important part of the plankton. In the Luleå archipelago the production of 
ciliates may amount to about one third of the bigger zooplankton species. 
1) Department of Zoology, University of Stockholm, P. O. Box 6801, S-113 86 Stockholm, Sweden. 
') Kristineberg Marine Biological Station, S-450 34 Fiskebäckskil, Sweden. 
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INTRODUCTION 
The Baltic Sea, the largest brackish water area with stable salinity conditions in the 
world, can be divided into three geographical subareas: the Gulf of Bothnia, the Gulf 
of Finland and the Baltic proper (Fig. 1). The area extends from 54°N in the south to 
65°N in the north. The total area is 366 000 km2. The Gulf of Bothnia can further be 
divided into the Bothnian Bay and the Bothnian Sea. South of the Bothnian Sea there 
are two small transition areas — the Åland Sea west of Åland and the Archipelago 
Sea east of Åland — between the Gulf of Bothnia and the Baltic proper. 
Fig. 1. Geographic divsion of the Baltic Sea into the Baltic proper, the 
Gulf of Finland and the Gulf of Bothnia. The latter area is divided into 
the Bothnian Bay and the Bothnisn Sea. 
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Salinity concentrations decrease from south to north, from about 6 °/oo at the 
surface in the southern Bothnian Sea to nearly freshwater in the northern Bothnian 
Bay. The salinity of the deepest water layer is 6-7 °/ oo in the Bothnian Sea and 
3-4.5 °/oo in the Bothnian Bay. 
The temperature maximum in July—August is 13°C to 14°C in the Bothnian Bay 
and 14°C in the Bothnian Sea (Palosuo 1966). In coastal areas the corresponding 
temperatures are 16-17°C (Wulff et al. 1977) and 18-19°C (Hernroth, in press). The 
winter temperature is low, and large parts of the Gulf of Bothnia, especially the 
coastal areas, are covered by ice. The most northern part of the Bothnian Bay is 
covered by ice for 5 to 7 months. 
More detailed information about the hydrography of the Gulf of Bothnia is 
available from a number of papers, e.g. those by Segerstråle (1957), Lindquist (1959), 
Palosuo (1966) and Fonselius (1971). 
Studies on the pelagic system which are part of a systems-ecological study of the 
Luleå archipelago in the Bothnian Bay have been reported by Wulff et al. (1977). 
Primary production and phytoplankton have been reported in detail by Ackefors & 
Lindahl (1975 a, b) and by Lindahl (1977 a, b) from one station in the Bothnian Sea 
and from two stations in the Åland Sea. Studies on zoopIankton have been reported 
from the Bothnian Sea by Lindquist (1959), Eriksson et al. (1977) and Hernroth (1978) 
and from the Åland Sea by Lindahl (1977 a, b). 
Our present knowledge of the ecology of the pelagic ecosystem in the Gulf of 
Bothnia including the Åland Sea is more limited than of that in the Baltic proper. The 
aim of this paper is to report some recent results from Swedish investigations made by 
the Institute of Marine Research, Lysekil and by the Askö Laboratory, University of 
Stockholm. We shall also review some relevant papers concerning zooplunkton 
fauna and compare results from the Gulf of Bothnia with those from the Baltic 
proper. 
METHODS 
Although methods used in these studies differ somewhat from each others the results are comparable 
thanks to the close cooperation between the Institute of Marine Research, Lysekil, and the Askö 
Laboratory in their en forts to intetcalibrate and standardize the methods. We all used ''C-method for 
primary production estimates with four-hour in si/n incubations (in contrast to most Finnish in-
vestigations in the area). Radioactive uptake was measured with a Geiger-Miiller tube except in the 
study of the Luleå archipelago; in this a liquid-scintillation technique was employed because it gives 
higher productivity estimates. Intercnlibration of these methods at the Askö Laboratory showed that 
the GM values are only 68% of those obtained by liquid-scintillation (U. Larsson, pers. comm.). On 
the assumption that this intercalibration is correct, all the data presented in this paper have been 
adjusted upwards by a factor of 1.47. Before 1976 zooplankton sample were taken with a Nansen 
net and thereafter with a \X/P-2 net (mesh size 90 pm) in all studies. Secondary production was 
calculated according to \Vinberg (1971). Further details about the methods can he found in the 
papers cited above. 
119 
1100 
1000 	Station 3 
900 
000 
700 
N 600 
F- 500 
o 400 
0 300 
200 
100 
J FMAMJJASOND  
Month 
Fig. 2. Daily primary production measurements at station 3 in 1973. 
RESULTS AND DISCUSSION 
PRIMARY PRODUCTION AND PHYTOPLANKTON 
Primary production at four stations in different parts of the Gulf of Bothnia (Fig. 1) 
during the period 1973-1976 is shown in Figs. 2 to 5. In 1973, the measurements in 
the Åland Sea were made at station 3 (Fig. 2). During that year the annual production 
(138 g C • in -2) was of the same magnitude as at a station east of Gotland (Station 2). 
For practical reasons station 3 was moved 25 nautical miles NNW at the end of 1974. 
In 1975-76 primary production at this new station (called 3'), was considerably lower 
(97 g C • mE2) than in 1973 at station 3 (Fig. 3). However, it is impossible to find 
out whether the lower values were caused by the transfer of the station, or by some 
other factor. Although the Åland Sea is known as a hydrographically unstable area, 
the results from 1975-76 were surprisingly consistent. 
In the northern Bothnian Sea (Norrbyskär, station 4), measurements were made 
only in 1973-74 (Fig. 4). The annual primary production was similar in both years, 
but the quarterly distribution of the production differed greatly during the same 
years. Thus, it is hard to say whether station 4 yvas representative for the area and 
whether 1973 and 1974 were representative years or not. It is interesting to compare 
annual production at station 4 in 1973-74 (104 and 103 g C . m-2 resp.) with the 
values found in 1975-76 (99 and 96 g C. nr2 resp.), at station 3. The values are 
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Fig. 3. Daily primary production measurements at station 3' in 1976 (striped bars) and 1975 
(filled bars). 
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Fig. 4. Daily primary production measurements at station 4 in 1976 (striped bars) and 1975 
(Alled bars). 
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nearly in accordance although the stations are far from each other. The comparison 
may, howvever, be deceptive as the values are for different years. Comparison of the 
primary production figures from all stations in the investigation reveals that annual 
primary production and photosynthesis decreased northwards. The farther north the 
station, the more vernal bloom of the phytoplankton tended to be delayed. 
In 1976 annual primary production was estimated to be 13 g C . m -2 (Fig. 5) in the 
shallow Luleå archipelago in the northwestern part of the Bothnian Bay (Wulff et al., 
1977). The very low phosphorous content in the waters in this area might explain this 
extremely low production, which is the lowest ever recorded for any part of the Baltic 
Basin. Meskus (1976) estimated production to be about twice that amount on the 
eastern side of the Bothnian Bay (Ulkokrunni). Higher productivity on the Finnish 
side of the Bothnian Bay is also indicated by the increasing amount of chlorophyll-a 
found by Lassing & Niemi (1976) on several east-west sections. Until recently, the 
lack of standardized chlorophyll methods (Larsson el al. 1978) made it difficult to 
compare quantitative results from different investigations. Furthermore the low 
sampling frequency compared to the rapid seasonal fluctuations, makes it difficult to 
compare results from different regions. At stations 3, 3' and 4 the amount of 
chlorophyll-a varied between 30 and 80 mg m -z during the spring bloom and between 
20 and 30 mg m -2 during the rest of the vegetation period. The values were somewhat 
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Fig. 5. Daily primary production measurements at station Västantillfjärden in the Luleå archipelago 
in 1976. 
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lower in the Luleå archipelago, between 15 and 25 mg m -2 and without the pronounced 
spring peak typical of areas farther south. The present state of knowledge pre-
cludes generalizations about chlorophyll distribution patterns in the Baltic Sea as a 
whole. We know, however, that in the northern basin the concentrations do not seem 
to be reduced to the same degree as the primary production. 
We know even less about phytoplankton in the Gulf of Bothnia than we do about 
chlorophyll. Investigations in the Luleå archipelago (Wulff et al., 1977), and in the sea 
area off Oulu (Alasaarela & Siira, 1976) in the Bothnian Bay and in the Bothnian Sea 
(Edler, in Ackefors & Lindahl 1975 a) show seasonal succession patterns similar to 
those obtained in the Baltic proper. There is, however, a tendency at the stations in the 
Bothnian Bay for nanoplankton to increase in proportion compared with large forms 
like diatoms and bluegreens. A change in the species composition and size structure 
of the organic matter produced may influence the efficiency of the pelagic food chain 
(see for instance Sheldon et al., 1977). Primary production measurements alone are a 
poor indicator of the energy utilized by organisms on higher trophic levels, i.e. 
zooplankton and fish. 
SECONDARY PRODUCTION AND ZOOPLANKTON 
In the northern Baltic proper the diversity of zooplankton is greater than in the Gulf 
of Bothnia, probably mainly due to the slightly higher salinity in the former area 
(6-7 °/ oo and up to 10-12 °/ oo in the bottom-near water). Differences in species 
composition or changes in the abundance of individual species are also very marked in 
areas not far from each other, e.g. the Åland Sea and the northern Baltic proper. The 
change in primary production is, however, very small, whereas the difference in 
production between the southern Bothnian Sea and the southern Baltic proper is 
significant if the northern Bothnian Bay is compared with the southern Baltic proper. 
In the latter area primary production is estimated to 154-191 g C : m -2 year -' 
(Station 1, Fig. 1); secondary production may amount to 20 g C • m -2 • year -' 
(Hernroth & Ackefors, in press). 
In 1975 and 1976 investigations were made at a depth of 40 m at station 3' in the 
&land Sea (Lindahl, 1977 a, b). The sampling was especially dense in 1976, and for 
those two years we now have a rather good image of the composition and production 
of the zooplankton in the area. The plankton fauna was dominated by two copepods, 
viz. Acartia bifilosa and Einj'teniora sp. It was conspicuous that these two copepods 
developed three generations whereas in the Eggegrund area in the Bothnian Sea, 
Eaiytemora sp. had only one generation and Acartia bifilosa one or two generations. 
The low salinity (5.5-6.0 0/oo) and the shallowness of the station in the Eggegrund 
area obviously prevented the development of any large populations of the euryhaline 
marine copepods Pseudocalaruis mimr/I/s elaigat/Is, Acartia Iongiere /IIs, Centropages ha»iatus 
and Temora long/corn/s. These copepods are important in the northern Baltic proper (cf. 
Ackefors, 1969 and Hernroth & Ackefors, in press). 
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The cladocerans were of less importance at station 3' although the five species, 
all of which are found in the Baltic proper, occurred there. Evadiie rrordmanni, Pleopsis 
polyphemoides and Bosmina coregoni vnaritivia all occurred during the summer and early 
autumn. The rotifers Sj ,ncbaeta spp. were abundant during the spring; their maximum 
(1 million ind.m -2) was reached by the end of June. 
The mean biomass for the second, third and fourth quarters of 1976 was calculated 
to be 0.2 g C • m -2 (3.0 g wet wt.) 1.2 g C . m -2 (22,5 g wet wt) and 0.4 g C • m -2 
(8.2 g teet wt.), respectively. In 1976 the annual production at station 3' was estimated 
to be 14 g C • m -2 (268 g wet wt). The value is just as high as the values estimated at 
station 2 east of Gotland (Fig. 1) in the Baltic proper (Lindahl 1977 a, b.). 
Hernroth has recently investigated the plankton fauna (unpubl.), with special 
emphasis on the copepod Esnytemora sp. (in press), in the coastal waters off Eggegrund 
in the southern Bothnian Sea, In this area, where the depth was 30 m, the two copepods 
Arartia bifilosa and Eurytemora sp. constituted 95-98 % of the biomass. Limnocalarnis 
macri/rns was sparse owing to the shallow waters; the other common copepods in the 
Baltic Sea were even more rare. Rather high numbers of the freshwater copepods 
Cyclops spp. occurred occasionally. The cladocerans were dominated by Bosivina 
forego/ii maritima; second in rank was Evadne nordmanni. In July—August the maximum 
numbers of these species were 500 000 ind.m -z and 80 000 ind.m -2, respectively. 
Pleopsis pol,yphenmoides and Podon irn/ermedius were much less common. Only single 
specimens of the freshwater species Daphnia sp. appeared in the samples. 
The biomass values averaged 0.2 g C • m -2 (4 g wet wt.) in the Eggegrund area. 
The range was from less than 0.05 g C • m z in winter to about 1 g : C m -2 in July. To 
date no production figures have been calculated for this area. 
In 1953-1958 Lindquist (1959) made a comprehensive investigation mainly in 
off-shore waters in the Bothnian Sea. He found that three copepods were abundant, 
viz. Limnocalants nacrilrus, Eeny1eI»ora sp. and ACarlia bifilosa. Since earlier investiga- 
tions in that area in the 1920's the abundance of LimnoCaIanns had decreased in contrast 
to that of Acadia which had increased. The euryhalinc marine copepods — Temora 
lorrgicornis, Pserndocalanus i./au/us elongates and Centropages barne/ns, which are very 
abundant in the Baltic proper (Ackefors 1969, Hernroth & Ackefors, in press), 
occurred only sparsely in the Bothnian Sea. The rotifers were mainly represented by 
ynchaeta bal/ice and S. moraopus and . to a smaller extent by Kerafella quadrata platei. 
The dominant cladocerans in off-shore waters were Bosmina coregoni juni/lima and 
Evadne noidma» ni. Less common were Pleopsis (Podon) polyphernoides and Podon inter-
>nedius. 
The composition of the zooplankton fauna gradually changes from south to north 
in the Gulf of Bothnia. The dominant copepods in the Luleå archipelago, where the 
salinity is in the range 0-3 0/ 00, were Limnocalanus macrurus and Eruytemuora sp. (Wulff 
et al. 1977). The typical freshwater copepods Diaptonius sp., Heterocope sp. and Cyclops 
spp. were also of some significance. The dominant cladoceran was Bosmina coregoni 
niarilima. Another important species yvas Daphula cri.rtata but not Pleopsis 
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palypheuloit!es, Eoadne ,jordmani and a few freshwater species. The most abundant 
rotifers were .Asplanchna priodonta, Ker•atella quadrata and Synchaota spp. The biomass 
values were of the order of 0.1 g • C • m-2 (range 0.004 g C • m -2 — 0.5 g C • m-2). 
The main part or about 50 % of the biomass usually consisted of copepods. The 
average proportion of cladocerans was 10-15 % while that of rotifers was a maximum 
of 10 %. The secondary zooplankton production was estimated to be 1.5 g C : m-2 -
4 g C•m-2. 
Unfortunately very few investigations have been undertaken on microzooplankton 
in the northern Baltic Sea. A few old reports are available in the Gulf of 
Finland and the Gulf of Bothnia, vit. Nordqvist (1880), Levander (1894) and Halme & 
Lukkarinen (1960). More recently, Hobro et al. (in press) have investigated the Askö 
area in the Baltic proper; Eriksson et al. (1977) have described the Öresundsgrepen in 
the southwestern Bothnian Sea and Wulff et al. (1977) the Luleå archipelago in the 
Bothnian Bay. The latter study shows that the production of ciliates was as high as 
150 tons C • year-' in the area investigated (on the assumption that the ratio 
production/biomass is 0.33 per day), which corresponds to 275 tons C • year-1 for the 
rest of the zooplankton fauna in the Luleå archipelago. This shows that the micro-
zooplankton, especially the ciliates, constitute a very important fraction of the total 
zooplankton fauna. 
SUMMARY AND CONCLUSION 
1. Primary phytoplankton production is of the order of 140 g C m-" year-' 
in the most southern part of Gulf of Bothnia and only about 10-20 g C m-z year -, 
in the most northern area. 
2. The phytoplankton composition shows typical seasonal succession patterns of 
diatoms, dinoflagellates, bluegreen algae, monads and flagellates with an increasing 
proportion of small nanoplankton from south to north. 
3. Secondary zooplankton production decreases from 14 g C • m-2 in the southern 
area to 1.5-4 g C • m-2 in the northern area. 
4. The diversity of zooplankton fauna decreases from south to north and there is 
a very obvious change in species composition. The copepods predominate in the 
whole area; Acartia bifilosa and Earrytemora sp. are the most important species in the 
south and Lin!nocalanus macrrrrlrs and Eur~,temora sp. in the north. 
5. The relations between primary and secondary production and biomasses of 
phyto- and zooplankton indicate a higher food chain efficiency within the pelagic 
ecosystem in the Åland Sea and Gulf of Bothnia than in the Baltic proper. 
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THE PLANKTON COMMUNITY AND PHYTOPLANKTON-
ZOOPLANKTON RELATIONSHIPS IN THE NORTHERN 
BOTH NIAN BAY 
Tapani Valtonen, Erkki Alasaarela, Paula Kankaala and Marja-Liisa Kaski 
Perämeri Research Station 
University of Oulu 
Kasarmintie 8, SF-90100 Oulu 10, Finland 
Seasonal variations in phyto- and zooplankton communities and the relation-
ships between these were studied in the northern Bothnian Bay along a study 
line of nearly 90 km westward from Oulu in 1976. The open sea area belongs to 
the most oligohaline and oligotrophic part of the Baltic. The coastal part of the 
line receives an inflow of river waters carrying industrial and domestic waste 
waters, 
The maximum biomass of phytoplankton occurred in May—July and 
another maximum was seen in September. The zooplankton maximum occurred 
in August, coinciding with the phytoplankton minimum. At that time the 
composition of the phytoplankton yvas suited for grazing and primary produc-
tion. The maximum and mean biomisses of phytoplankton and zooplankton 
were higher in the coastal area than in the open sea area, and good correlations 
were found between the phytoplankton and zooplankton values. 
1. INTRODUCTION 
Primary production in the Baltic Sea is at its lovest in the Bothnian Bay (Bagge & 
Lehmusluoto 1971, Meskus 1976), the reason for which was shown by Buch (1932) to 
be the low proportion of phosphorous nutrients resulting from the low nutrient 
content of the water of the northern rivers (cf. Fonselius 1971, Voipio 1976). In the 
coastal waters, which are affected by the water of the major northeastern rivers, it 
seems to be nitrate which acts as the minimum factor for the early summer 
phytoplankton maximum (Alasaarela 1978). In comparison to the phosphorous 
compounds immediately available to the phytoplankton, the amount of available 
nitrogen compounds is in summertime lower in the water of the main rivers. 
Another unfavourable abiotic factor is the coldness of the water, especially in the 
open sea, and the shortness of growth period, for in the north the ice cover generally 
lasts for half of the year (Palosuo 1965). 
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Zooplankton production is affected equally by the temperature and the short 
growth period and by the availability of phytoplankton. Especially in the Bothnian 
Bay, however, as compared with the remainder of the Baltic, allochthonous material, 
consisting mainly of humous compounds, affords a further source of food for the 
zooplankton (e.g. Esipova 1969). 
Among those working on the project, Valtonen is responsible for organisation 
and coordination, Alasaarela for the main hydrography and all the chemical analyses 
and phytoplankton results, and Kankaala and Kaski for the zooplankton work. The 
practical work was directed by FL O. Timola as captain of the Research ship » Krunni». 
Advice on the identification of the species has been given by Dr. Lars Hernroth, 
Fiskeristyrelsen, Lysekil station, and Dr. Guy Hällfors, Department of Botany 
University of Helsinki. 
2. RESEARCH AREA 
The work was carried out on five stations (Fig. 1) in 1976, being continued with a 
modified programme in 1977-1978. Stations 1 and 2, with a depth of 15 m, are 
regarded as coastal stations which are affected not only by the river water but also by 
waste water from the town of Oulu. Station 5, depth 80 m, represents adequately the 
situation in the middle of the northern Bothnian Bay. By station 4, depth 25 m, the 
influence of the rather fresh coastal water can be observed under certain weather 
conditions, especially with easterly winds, while station 3 lies at the junction between 
the coastal and middle sea elements. 
3. MATERIAL AND METHODS 
Eight samples were taken in 1976, two per month during June—September and an 
additional one at the beginning of November at two stations. 
Phytoplankton and chemical samples were taken from depths of 1, 5, 10, 15, 20 
metres and additional samples from every subsequent 10 metres and from one meter 
above bottom. Phytoplankton primary production was measured by the method of 
Steemann Nielsen (1952). Chlorophyll a was measured according to Stricland & 
Parsons (1968), and the biomass of the species by the technique of Utermöhl (1958). 
The chemical analyses were carried out at the laboratory of Pohjois-Suomen Vesi-
tutkimustoimisto. Zooplankton was collected using an Ackefors sampler (Ackefors 
1971) with a volume of 23 1 and sieve net size of 90 am. Depths of 0, 2.5, 5, 7.5, 10, 
15 and 20 m were used. Unesco, WP-2, plankton net samples were also taken, but 
they were deemed to give much too low biomass values (Kankaala 1977). The samples 
were preserved in neutralized formalin to a final concentration of 4 %, and counted 
on a Wild M-5 binocular microscope. The biomass values were counted according to 
the volumes given by Melvasalo et al. (1973), Wulff et al. (1977) and Hakkari (1978). 
129 
l öm. 
90THNIAN 
BAY 
5 
~... } 
,Th. 
`I 
1_;. _ \  	" . 
 
	:.2145 	 .6 
Dt`'. 
A B C 	
1- 
 
552 ~' 	 d ....:... 
,l 	
12 0.1 0.2 
Hailuo 170.101 	\  Uk  
t ~ 
tI 
0 	S 	lu 	15 	 t5 
kiri 
Fig. 1. The research area and values of annual primary production (A, 
gC/m2:a) and mean values (0-15 m, g/m3) for biomass of phytoplankton 
(B) and zooplankton (C) at the stations 1-5 in 1976 (Sr. 1: 65°8,3'N; 
25°10,5'E, St. 2: 65°7,8'N; 24°50'E, St. 3: 65°5'N; 24°18'E, St. 4: 
65°1,5'N; 23°52'E, St. 5: 65°55'N; 23°20'E). 
4. RESULTS 
4.1. HYDROGRAPHY 
The coastal waters warmed up in spring more rapidly than the open sea area. The 
highest surface water temperatures in 1976 were reached in August (Fig. 2). The 
stratification of the coastal waters was rather weak in summer. Winds in the middle 
of June were able to mix river waters deep into the brackish water masses (see Ala-
saarela 1977). 
Thermocline situated at a depth of 15-25 metres. Thus only at the more open and 
deep stations (4 and 5) thermal stratification usually occurred. The cold deep water 
remained unchanged in the deepest layer throughout the summer, but became mixed 
with the other masses during the autumn turnover. 
The thermal stratification was fortified by salinity differences (Fig. 2). In the open 
sea area the salinity was 2.7-3.3 °/ 00 in the epilimnion and 3.5-4.0 0/ 00 in the hypo-
limnion, while in the coastal area it varied from 1.0 to 2.5 °/00. The average concentra-
tions of humus (colour) and phosphate phosphorus were greater in the coastal area 
than in the open sea, but nitrate nitrogen was more abundant in the open sea area 
(Fig. 3). 
17 (278020337 
Fig. 2. Tempctatuie and salinity at 
stations 1 and 4 in 1976 (mean 0-5 m). 
130 
S%o 
3 
2 
1 
15 
iI 
5 
0 
p9 
C / 	 mgPt/ l 
3. 	
40 
NO3 30 
2 
20 
Li
....... 
— 	 PO4
0 
st. 1 2 	3 	4 	5 
Fig. 3. The mean values of the main 
nutrients, colour and salinity at the 
stations 1 5 in 1976 (mean 0--5 ni). 
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4.2. PHYTOPLANKTON 
Not only the biomass and production of phytoplankton (Fig. 1) but also the variations 
in these during the growing season (Fig. 4) were smaller in the open sea than in the 
coastal waters, although the differences in the production rates were not proportionally 
as great as those in the biomass values. In July and in August primacy production was 
especially high in relation to the phytoplanlcton biomass. 
Two periods of high production were observed during the growth season in 
both areas, but in the open sea area the maximal values were not high. 
The maximum production was reached at the end of June and beginning of July. 
The maximum biomasses were 2.5-5.2 g/m - ' in the coastal area and 0.3-0.4 g/in -3 
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in the open sea area. During the autumn maximum the biomass was 0.2-0.8 g/m -3  
in the coastal area and 0.1-0.2 g/m -3 in the open sea area. 
The biomass maximum during the early summer was mostly composed of diatoms. 
In the coastal area Diatonia elovgai/Im was the clearly dominant species in June. At the 
open sea station 5 and also at station 4,. brackish water diatoms Thalassiosira balfica, 
Alelosiira al:ctiea, AchnaUthes taenliata and Chaetoceros ))ighaiiiii dominated in late May 
and early June, whereafter (June—July) Diatonia elongatl1lu, chtysomonads and 
cryptomonads became abundant. During the mid-summer minimum small green alga 
th1oiaraphinmni eotltortnni, small chrysomonads and Rhodomonas mill/l/a were abundant, 
while in addition Crjptomonas and several species of green and blue green algae were 
common in the coastal waters. The late summer maximum in the coastal areas was due 
to the abundance of Chaetocelis subtilis, Rhodo1l1onas, CryptoIlloaas and Oscillatoria 
agardhii, and that in the open sea to Chaetocerus wighamii. Thalassiosira baltica, Rhodoiiovas 
and Cryptorvolas. 
4.3. ZOOPLANKTON 
The differences in zooplankton biomass between the coastal and open sea areas were 
as marked as in phytoplankton. The relation between the maximum biomass of 
station 1 and that of stations 4 and 5 was 3.6: 1 and 6.4: 1, correspondingly. 
In early June the biomass was yet low and it was mainly composed of copepods. 
The biomass of these increased to its maximum in July or in early August at the Iatest. 
The maximum of total zooplankton occurred in August at all sites except the third 
one, where this was found at the end of September. The cladoceran, Bosmina coregoni 
maritima, increased rapidly from the end of June to reach its maximum at the same 
time as the most numerous copepod the EotJ'tel11ara hirundoides. At stations 1, 2 and 
3 Daphnia cristata was abundant from late August to the end of September. 
The planktonic fauna, 40 holoplanctic species, contained only about 10 species 
which were of obvious importance for the biomass, the others being mainly limnic, 
occurring occasionally at the coastal stations 1 and 2. 
The dominant species among the copepods were the Eluytenrora hirundoides and 
Lilnulocala» ns grimaldii. The last mentioned, a cold stenothermic species, was most 
abundant in June and early July (Table 1). Its abundance in epilimnion (0-20 m) at 
the coastal stations 1 and 2 was double that noted in the open sea, but it was obviously 
abundant in the deeper layers in the open sea. Five Cyclops species were found in the 
coastal waters among which Diacyclops bicuspidatus showed the greatest biomass values. 
As described above, the Cladocera species were most numerous in August—September, 
when they made up over 50 % of the total biomass at stations 1-3. In addition to the 
most important species listed above (Table 1), Pleopsis poljphemoides and Evadne 
nordmaluli were also rather numerous over the whole area, Pleopsis clearly more 
abundant at coastal stations 1-3. The marine species Podon intermeditis and the 
brackish-water species Acartia bifilosa were rare. 
TABLE 1. Maximum values (mg - m-3) of biomasses and constituents of zooplankton in 1976. Dates of maxima are given in parenthesis 
St. 	I St. 	2 
Station 
St. 	3 St. 	4 St. 	5 
Rotatoria 	................................ 39 	(15.7) 22 	(11.8) 19 (28.9) 7 (28.9) 5 (14.8) 
Daphnia 	cristata 	.......................... 1 011 	(30.8) 156 (27.9) 132 (28.9) 18 (28.9) 8 	( 4.9) 
Bosmina coregoni maritima 	................ 373 	(11.8) 287 	(11.8) 96 (12.8) 100 (12.8) 62 ( 4.9) 
Cladocera 	................................ I 288 (30.8) 368 (11.8) 204 (28.9) 119 (12.8) 70 ( 4.9) 
Limnocalanus 	grimaldii 	.................... 196 (14.6) 186 	(15.7) 90 	(16.6) 88 (16.6) 82 (20.6) 
Eurytemora 	hirundoides 	.................. 315 (28.7) 167 	(11.8) 177 	(29.7) 223 (12.8) 145 (19.7) 
Copepoda 	................................ 382 (28.7) 330 	(15.7) 180 (29.7) 267 (12.8) 188 	(19.7) 
Total 	zooplankton . m- 2 	................... 21 000 (30.8) 9 300 (11.8) 5 300 (28.9) 7 800 (12.8) 4 400 (14.8) 
Total 	zooplankton . m-3 	................... 1 400 	(30.8) 620 	(11.8) 350 (28.9) 390 (12.8) 220 (14.8) 
TABLE 2. Correlations between the phytoplankton and zooplankton parameters (st 1-5). Mean of three highest values for zooplankton have been 
counted so that ca. one month (- I sampling time) must be between the chosen values. All correlations are positive. 
Ph vro pia nk ton 
Chlorophyll biomass 
mean of the hiomase mean of the Annual 
zoop!eekwn tim. 
1.6.-15. 9. 
maximum time production 
mg m 3 5 	m 3 g' m' S C*s ' m' 
Mean of total zooplankton of the time 14. 6. -30. 	8. 	g : m-3 	......... 	0.933*** 0.930 0.997** 0.837 
Mean 	of three 	highest 	values 	g 	m-3 	................................ 0.994*** 0.950'` 0.999** 0.850 
Zooplankton 	maximum 	g 	m-3 	..................................... 0.985** 0.903 0.968* 0.796 
Bosmina coregoni maritima maximum g - m-3  ....................... 	0.930* 0.997n* 0.951* 0.878* 
All 	Cladocers 	maximum 	g : m-3 	..................................... 0.988** 0.882 0.983* 0.805 
Bosmina + Eurytemora 	maximum g - m-3 	............................ 0.931* 0.964* 0.955* 0.801 
Limnocalanus 	grimaldii maximum 	g : m-3 	............................ 0.876 0.989* 0.895 0.896* 
Eurytemora hirundoides 	maximum 	g - m-3 	........................... 0.808 0.621 0.792 0.447 
All 	Copepoda 	maximum 	g - 	m 	3 	.................................... 0.847 0.934 0.897 0.739 
w 
w 
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4.4. RELATIONSHIPS OF PHYTOPLANKTION AND ZOOPLANKTON 
The relation between the mean values for the phytoplankton and zooplankton 
biomasses was ca. 2 in the coastal area (stations 1 and 2) and close to 1 at the open sea 
stations (4 and 5). 
Phytoplankton was very abundant in June but the zooplankton maximum was 
found precisely at the time of the midsummer phytoplankton biomass minimum 
{Fig. 4). The primary production at that time was at its highest in relation to phyto-
plankton biomass. 
However, good correlations (Table 2) were found, especially between the total 
biomass values of phyto- and zooplankton. Chlorophyll n, gives almost equally good 
correlations with the zooplankton biomasses as the mean phytoplankton biomass. The 
correlations of single groups of zooplankton with the phytoplankton parameters are 
lower, especially in the groups of copepods. Primary production gives the lowest 
correlations. 
5. DISCUSSION 
The role of abiotic factors in phytoplankton-zooplankton relationships is worth 
considering first. The amount of nutrients and light are the main factors which 
regulate phytoplankton development and production; which has its maximum in June 
or July in the Bothnian Bay. Chemical factors are responsible for the double peak in 
phytoplankton during the summer, as generally in the Baltic (Niemi 1971). The main 
abiotic factor in respect of the zooplanktion is temperature of the water and thus the 
maximum biomass is reached in August (cf. Figs 2 and 4), as also is normal in the 
Baltic Sea (Hernroth 1978). 
Prominent seasonal changes could be detected in the relations, In spring the 
zooplankton biomass was highest in the opean sea, being affected mostly by more 
favourable conditions for Liii,uaialauns. The zooplankton biomasses were not 
appreciably greater in coastal waters until the end of July. From this time onwards, 
during the minimum for phytoplankton, zooplankton grazing seem to have a clear 
effect on the amount of phytop]ankton (cf. Hernroth & Ackefors 1977), e.g. the 
autumn maximum in primary production in the coastal area occurred before the 
maximum biomass of the phytoplankton (Alasaarela 1978.) 
During the midsummer minimum for phytoplankton its production was generally 
relatively high. Flagellates with a food assimilation capacity in relation to their size 
(Findenegg 1965, Niemi 1975) are abundant at this time. They are selected food 
objects of zooplankton (Nauwerck 1963), especially as their size is rather optimal for 
the filter-feeding zooplankton. 
No attempt has been made in this paper to analyse the role of humic materials 
in zooplankton production, but in any case it must be remembered that cladocers, 
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]mown also to be detritusfeeders (Purasjolci 1958, Esipova 1969), were found especially 
abundantly in coastal waters with the highest content of allochthonous material. 
The primary production and the biomass of the zooplankton in the present study 
were high compared with those in the northwestern archipelago of the Bothnian Bay 
with its maximum zooplankton biomass of 0.5 g.m -a (Wulff it al. 1977) and annual 
primary production of 13 g C,ss m -2. The highest values on the present study line 
were 1.4 g.m -3 and 28 g Ca ,s m -2, respectively. 
The values of zooplankton biomass in the Baltic proper are manifold compared 
with the open Bothnian Bay, but approximately similar to the values now recorded at 
the coastal stations (Hernroth & Ackefors 1977). Annual primary production is 
however, clearly greater in the Baltic proper than in the coastal Bothnian Bay 
(Lindahl 1977 a, 1977 b). In the unpolluted coastal area of southern Finland, the 
biomasses of zooplankton and phytoplankton as well as the annual primary production 
are greater than at the present coastal stations in the Bothnian Bay (Lassig & 
\7iljamaa 1973, Niemi 1975). 
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LONG-TERM FLUCTUATIONS OF THE SOFT BOTTOM 
MACROFAUNA IN THE DEEP AREAS OF THE GULF OF 
BOTHNIA 1954-1974; WITH SPECIAL REFERENCE TO 
Pontoporeia affinis LINDSTROM (AMPHIPODA) 1) 
Ann-Britt Andersin, Julius Lassig, Leena Parkkonen and Henrik Sandler 
Institute of Marine Research 
P. O. Box '166, SF-00141 Helsinki 14, Finland 
The soft bottom macrofauna in the deep central basins of the Gulf of Bothnia 
has been studied since 1954 by the Institute of Marine Research (Helsinki). 
These studies, part of a programme for the entire Baltic Sea, are the first 
quantitative investigations covering the major part of the Gulf of Bothnia. 
The benthic community of this area is very monotonous, with a low diver-
sity. Numerically, the major part of the fauna is made up of one species, the 
haustorian amphipod Po;iIooroio afflui.c. In the Bothnian Sea the abundance of 
this species reaches values which are the highest for any member of the 
macrofauna in the open parts of the Baltic. 
The results of this long-term study show that the numbers of P. ajjinis 
oscillate strongly, the abundance cycle evidently lasting 6-7 years. The 
oscillations are more pronounced in the Bothnian Sea than in the Bothnian 
Bay. In the Bothnian Bay the abundance values appear to be increasing but no 
such trend can be seen in the Bothnian Sea. In this respect the results of this 
study seem to agree with measurements of primary production carried out in 
the 1970s. 
INTRODUCTION AND BACKGROUND 
The Gulf of Bothnia differs in many aspects from the Baltic proper and the Gulf of 
Finland. A sill with a depth of about 40 m, broken only by a narrow 70 m deep channel, 
prevents the water from the deeps of the Baltic proper from penetrating into the 
Gulf of Bothnia. The water Rowing from the Baltic proper into the southern part of 
the Gulf of Bothnia, the Bothnian Sea, mainly originates from the well-oxygenated 
Baltic surface water. The Bothnian Bay, the northern basin of the Gulf of Bothnia, is 
isolated from the Bothnian Sea by a sill with a depth of only 25 m. Thus the water 
1) During 1969-1975, the treatment of the material used for this study was supported by the National 
Swedish Environment Protection Board. 
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Fig. 1. The standard sampling stations for benthic macrofauna in the 
Gulf of Bothnia in 1961-1974. 
from the deep areas in the Bothnian Sea does not penetrate into the Bothnian Bay. 
The salinity of the bottom water decreases from south to north: in the Bothnian Sea 
it is 6-7 0/ 00, and in the Bothnian Bay only about 4 0/ 00. In the hydrographical condi-
tions of the Gulf of Bothnia, stagnant conditions with an oxygen deficit do not occur, 
even in the deep areas. With respect to the benthic fauna, this can be regarded as the 
most important difference between the Gulf of Bothnia and the rest of the Baltic Sea. 
The macrobenthos communities in the Gulf of Bothnia have been studied much 
less than those in the Baltic proper and the Gulf of Finland. The first investigation on 
the macrofauna, comprising both the Bothnian Sea and the Bothnian Bay, was carried 
out by Nordqvist (1890). However, in practice he investigated only shallow areas 
along the Finnish coast, and did not work quantitatively. Quantitative studies were 
carried out by IIessle (1924) in the 1920s. He investigated both shallow and deep 
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localities in the Gulf of Bothnia, all of them close to the Swedish coast, The first 
investigations on the bottom fauna in the deep central basins of this area were carried 
out as late as 1954 (Sjöblom 1955), by the Institute of Marine Research (IMR), Hel-
sinki. The present benthic monitoring project of the IMR was started in 1961, in 
consequence of a recommendation by ICES. The aim of the study is to follow the 
changes in the benthic soft bottom communities in the deep basins of the Baltic Sea 
and to establish background documentation for future studies. This paper deals with 
the deep central basins of the Gulf of Bothnia. 
MATERIAL AND METHODS 
In addition to the data for 1954 presented by Sjöblom (1955), unpublished material of the IMR was 
available for 1955 and 1956. The samples from 1954-1956 were obtained during the cruises of R/V 
,-banda. A 0.1 m2 van Veen grab was used in 1954, and a 0.1 m2 Petersen grab in 1955-1956. The 
samples were sorted with a 1 mm sieve and stored in diluted formalin. In the present study 
the sampling was again carried out on the R/V Atanda, at standard stations (Fig. 1). From 1961 to 
1973 the stations were mostly visited only once a year; later the frequency of the sampling 
was increased. The samples were taken with a van Veen grab with a sampling area of about 0.1 m2, 
and sorted with a 1 mm sieve. From 1974 onwards an additional sieve with a mesh size of 0.6 anm 
was used, but these results will be dealt with later in more detailed reports on the material. The method 
meets the recommendations made by the Baltic Marine Biologists (BMB) (Dybern e/ al. 1976). In the 
period 1961-1973 three samples per station were generally taken, but from 1974 onwards ten samples 
were taken at each of the main stations (see Fig. 1), and Ave at each of the other stations. The samples 
were stored in 4 % formalin (4 parts coned formaldehyde solution and 96 parts fresh mater). During 
the period 1961-1967 the formalin mas buffered with borax, and from 1968 onwards with hexamine. 
From the samples abundance and wet weight (formalin) were determined separately for each species. 
From 1974 onwards the ash-free dry weight was also determined, but these results will not be dealt 
with in this paper. 
RESULTS AND DISCUSSION 
The diversity of the benthic naacrofauna in the deep soft bottom areas of the Gulf of 
Bothnia is extremely low compared with that of the Baltic proper and the Gulf of 
Finland (cf. Andersin stal. 1977). The benthic communities consist almost exclusively 
of one species, the amphipod Pontoporeia n2li/is. The biomass is, however, often 
dominated by the huge isopod Mesiåo/ea atomen. Other species occurring in the deep 
areas of the Gulf of Bothnia are mainly Ilarmothoe sarsi (Polychaeta) in the Bothnian 
Sea, and Prostoma obscurujml (Nemertini), found chiefly in the Bothnian Bay. As 
pointed out by Segerstråle (1962), it is notable, that ihiatama ballien (Lamellibranchiata) 
is absent from the deep areas. 
Throughout the material a great difference in both the abundance and biomass 
of the macrofauna is clearly seen between the Bothnian Sea and the Bothnian Bay 
(Figs. 2, 3) (cf. also Hessle 1924, Segerstråle 1962, Bagge & Ilus 1973, Elmgren 
et al. 1975). The benthic communities in the deep areas of the Gulf of Bothnia do 
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Fig. 2. Density of macrofauna in the Baltic Sea in June and July 1966. Filled circles indicate stations 
devoid of macrofauna. Light shading shows the areas in which oxygen values below 2 ml/I were 
recorded in the bottom water in 1966. Dark shading shows the area affected by hydrogen sulphide. 
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not undergo such rapid changes as those of the deep areas in the Baltic proper and 
the Gulf of Finland (Andersin et al. in press). In the following only the variations 
in the Pontoporeia population will be discussed, since the other species mostly occur 
in too small numbers, and/or are too unevenly distributed on the bottom to be 
sampled quantitatively with a reasonable number of samples. 
The results, especially the abundance values of P. ainii, show remarkable 
variations from year to year. Both in the Bothnian Sea and in the Bothnian Bay 
a long-term oscillation is evident in the occurrence of P. a/nis (Fig. 4). 
The cycle of abundance seems to last 6-7 years. Although it is impossible to 
elucidate the possible influence of methodological differences (see p. 139), the results of 
1954-1956 agree very well with the data obtained from 1961 onwards. Some evidence 
of a similar oscillation has been observed by Segerstråle (1969) in a Pouloporeia Op//is 
population in the Tvärminne area (Gulf of Finland). Our results also show that, 
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despite the pronounced long-term fluctuations, the general level of the size of the 
Pontoporeia population in the Bothnian Sea did not change during the period 1954-
1974. In the Bothnian Bay, however, the abundance of P. a )us shows an increasing 
trend. A similar pattern, with an increasing trend in the Bothnian Bay and no visible 
changes in the Bothnian Sea, has also been observed in the level of primary production 
in the 1970s (Lassig et al. 1978). The oscillations are presumably caused by a complex 
of factors difficult to separate. Self-regulating mechanisms are well known in dense 
low-diversity populations, and some such mechanism, depending on, e.g., food 
availability or disease (cf. Segerstråle 1969) may be in operation here, but the informa-
tion available is insufficient to permit an assessment of its role. Nor is it possible to 
determine the extent to which the Pontoporeia population is regulated by predation. 
Mesidotea elponton is known to feed on amphipods (Apstein 1909, Hessle 1924, 
Segerstråle 1933), and there may also be a correlation between the size of the popula-
tion and the occurrence of fish feeding on P. ajnis (e.g. cod in the Bothnian Sea). 
Further investigations are also needed on the relationships of the size of the benthic 
macrofauna population with pelagic production and sedimentation. 
Finally, a methodological difficulty should be mentioned. Since it is impossible to 
carry out sampling at exactly the corresponding phases of the annual biological cycle, 
the proportion of the 0-year class which is retained on the 1 mm sieve probably 
varies from year to year. This assumption is supported by the fact that the average 
weight calculated for an individual of P. afius is mostly low when the abundance 
values are high. In the present study differences of this kind have not been sufficient 
to mask the long-term oscillations. 
As mentioned earlier, in practice the benthic community in the Gulf of Bothnia 
consists of only one species. Such a one-species community is very vulnerable, since 
there are no other species to take its place if conditions become unfavourable. Both 
Tullcici (1967) and Järvelciilg (1976) describe P. affiiiis as an indicator of unpolluted 
waters, although Jiirvelciilg notes that it can tolerate slight pollution. It has also 
proved to be sensitive to poor oxygen conditions caused by stagnation. In 1969, when 
hydrogen sulphide was found as far east in the Gulf of Finland as the Porkkala 
peninsula, P. affinis and P. lemon-eta almost vanished from the deep areas (Andersin 
et al. in press). But the decreasing trend shown by the oxygen content of the deepest 
northwestern part of the Bothnian Sea during this century (Fonselius 1969, 1971, 
Pietikäinen et al. 1978) has not led to oxygen values critical for the biota. 
SUMMARY AND CONCLUSIONS 
The results of this long-term study show strong oscillations in the abundance of 
P. affznis. Their cycle seems to last 6-7 years. The fluctuations are more pronounced 
in the Bothnian Sea than in the Bothnian Bay. In. the Bothnian Bay the abundance 
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values show an increasing trend, but no such trend can be discerned in the Bothnian 
Sea. In this respect the results of this study agree with the estimates of primary 
production made in the 1970s. 
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AN ATTEMPT TO ESTIMATE THE BIOMASS OF CISCO 
(Coregonus albula L.) IN THE NORRBOTTEN PART OF THE 
GULF OF BOTHNIA FROM TRAWL DATA FOR OCTOBER 
Olof Enderlein 
Institute of Freshwater Research 
S-170 11 Drottningholm, Sweden 
The biomass for the period 1967 to 1976 was estimated on the basis of the area 
swept. The validity of the method was assessed by treating the statistics in three 
different ways, all of which gave a fairly similar result. The amount was lowest 
in 1967, with about 5 000 tons, and highest in 1972 and 1973, with around 
20 000 tons. Since 1971, the total yearly catch has been around 1 000 tons. 
INTRODUCTION 
When the Swedish government gave permission in 1975 for the construction of the 
industrial site for »Steelmill 80», Luleå, a special condition was that the municipality 
should pay 500 000 Sw. Cr. for fisheries biological research on the cisco population. 
This was thought necessary for assessing the harm that this huge building project 
might do to the economically very important population of the cisco, also called the 
vendace, in the area. The roe of the cisco is considered a great delicacy. 
The aim of the investigation was defined as follows: To expand knowledge of the 
cisco population in the inshore areas with special reference to population dynamics, 
physical and chemical environmental factors, the competition pressure from smelt 
(OJmeiis eperlanls L.) and herring (Clupea harengus L.), seasonal and temporary migra-
tions and spawning grounds. The research work was started by collecting and 
analysing old data, including statistics and tagging records (Enderlein 1977). The 
statistics were mainly obtained from the trawl fisheries, started in 1959 by fisheries 
officer Karl-Bådo Johansson and subsequently expanded (Fig. 2). Trawling is still on 
trial and restricted to certain areas and times. The trawl fishermen are also required to 
submit statistics each week about the time spent fishing, catch, speed, area used and 
trawl type. 
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MATERIAL AND METHODS 
There are many ways to use statistics to estimate the fish population (Ricker 1975). In rare cases, as 
here, a fairly accurate estimate can be made simply by using »the area swept», because 1) the statistics 
are good and complete 2) the stock migrates to a limited and known area before trawling starts and 
3) the stock is exploited for a very short time (about 2-4 weeks), which makes it possible to neglect 
natural mortality. Fishing mortality is also neglected here because this simplification should cause 
only a slight underestimation (Fig. 4). Nor is it necessary to know the age composition. The result is, 
however, restricted to a point estimate for the month of October. 
The statistics used, provided by the fisheries administration in Luleå, are from the reports of the 
fishermen for the permitted trawling period, September 20 to December 31 each year. The starting 
year chosen was 1967, because the fishermen's technical skill in trawl fishing had by then reached a 
certain degree of stability. Three estimates have been derived from these data. 
The water area used to estimate the biomass of Cisco is the Norrbotten part of the Gulf of Bothnia 
within the depth curve of 25 in (Fig. 1). This area has been divided into 16 zones for estimates I and 
I[ and into 3 zones for estimate III. 
Estimate I. The total catch of Cisco and time spent trawling were used to calculate the catch per 
unit effort for each of the 16 zones from north to south. The catch per unit effort figures were then 
transformed into kilograms of Cisco per hectare (Fig. 3) the trawling speed being assumed to be 2 
knots and the width of the area swept two-thirds of the length of the foot-rope, which was considered 
to average 30 in. In reality the speed varies from 1.5 to 3 knots, and the length of the foot-rope 
between 22 and 38 m. 
147 
A yearly average in kilograms per hettar with a 95 per cent confidence interval yvas then calculated 
and multiplied by the total area (Fig. 4). 
Estimate II. The same zones and amounts per hectare were used as in estimate I, but the densities 
were multiplied by the surface area of each zone and then summed (Fig. 4). When no fishing occurred 
in a zone, the density was taken as equal to that in the closest zone. 
Estimate III. Three zones: Kalix, Luleå and Piteå, were used and within each were chosen a 
number of trawling teams (4.4 and 1, respectively) operating in the zone and known to the fisheries 
administration as providing especially reliable statistics. The zone density was then calculated from 
each team's data, using their figure for the trawling speed and taking the area swept as two-thirds of 
the foot-rope of the trawl used by them in that particular year. An average was then calculated for 
each zone and year and multiplied by the surface of the zone (Fig. 4). From 1970 onwards, fish samples 
were taken aboard the trawlers and measured for length. 
The samples are far too small to be used for a detailed study of the population, but they may 
serve to indicate the strength of the 0+ group (fish less than one year old). The 0+ group is readily 
distinguished in a length-frequency diagram. The percentage of 0+ fish in all the samples in each 
year is plotted in Fig. 4. Most of these samples were taken from Storöfjården (Kalix) but also from 
Luleå and Piteå. 
RESULTS 
The Gulf of Bothnia and the area within the depth curve of 25 m are shown in Fig. 1, 
together with four stations, used for experimental net fishing. 
The total catches of cisco and herring, and the trawl catch of cisco are shown in 
Fig. 2. 
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Fig. 2. The total catches in Norrbotten of cisco and herring, and the total trawl catch of cisco in 
metric tons. Note the logaritmic scale. 
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Fig, 3. The estimated densities (kg/ha) of cisco in October of the years 
1967-1976 for 16 zones. The zones are given from north (Saivisfjärdvn) 
to south (Jävrefjärden). 
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The estimated densities in kilograms per hectare for the 16 zones from north to 
south are given in Fig. 3. 
The estimates of the total biomass of cisco are shown in Fig. 4, together with the 
total catch and the proportion of 0+ fish expressed as their percentage of the numbers 
of cisco in the trawl samples. 
Fig. 5 gives the numbers of cisco caught per night in two sets of nets at four 
different stations (Fig. 1) during experimental net fishing in 1976 and 1977. Bad 
weather and net-theft disturbed the work in 1977. 
o.etric Tons 
o~ osto 
Fig. 4. Three estimates of the total cisco 
biomass in metric tons in the Norrbotten 
E• the Gulf of Bothnia in October 
1976. Estimate I (.........). II 
and III (----). Estimate 
en with the 95 % confidence interval 
vertical line) and sample size. 
:rcentage of 0+ cisco in trawl-catch 
s from 1970 to 1975 is also given 
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Fig. 5. Numbers of cisco caught per night 
in two similar sets of nets (one bottom and 
one surface set) at my four experimental 
ping stations (for locations, see 
Fig. 1). 
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DISCUSSION 
The catch of cisco has fluctuated a great deal (Fig. 2) since 1914, with peaks in 1930 
and 1958, and a tremendous increase since 1964. The peak in 1917 is excluded as the 
statistics before 1925 are of dubious value. Both the peaks and the rise at the end of 
the study period can be explained by the introduction of new fishing gear. Fishing 
With fyke-nets started around 1925, nylon nets were introduced in 1953 and trawling 
started in 1959. The disturbing thing is that after the initial success of a new gear 
there is a decline and stabilization at a low level. This is very obvious for the peak of 
1930 and a similar tendency was noted after the peak in 1958, but may have been 
partly masked by the introduction of trawling. Shall we have a decline again? The 
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estimates suggest that the amount of cisco is sufficient even for an increase of the 
present catch, as the fish species reaches sexual maturity very fast. But are the estimates 
reliable? 
The study area was chosen within the 25-m depth curve (Fig. 1), because cisco 
immigrate there during the autumn. Cisco are found everywhere inside the area 
during the trawling period and spawning takes place there. The cisco is known to 
return to specific places year after year (Enderlein 1977). It is not known where 
spawning actually takes place, but there is reason to believe that off the coast of 
Norrbotten the cisco uses spawning places intermediate between those found by 
Nissinen (1972) in Puruvesi, steep slopes at 8-22 m depth, and in Oulujärvi, gradual 
slopes at 3-6 m depth, both with soft mud bottoms. This intermediate bottom type 
is readily found in the area. 
The assumptions made for the estimates are: 
A) The Norrbotten cisco population is located within the study area during the 
trawling period. 
B) The densities in the trawling areas are the same as in the zones. 
C) The densities calculated for the area swept are the same as the true densities. 
A) The trawling period starts on September 20 (week 38) and terminates when the 
females are maturing at the end of October (about week 42), as the commercial value 
of the roe has decreased by then. Fig. 5 shows that the cisco is still migrating into the 
study area and this should cause underestimation. 
B) Trawling is carried out in only a part (parts for estimate III) of the zone. This 
part is not chosen at random in the zone, but is the part closest to the mainland with 
a sufficiently smooth bottom. There is probably a density gradient with a higher 
concentration of cisco near the mainland (Fig. 5), so that trawling in a part of the 
zone closer to the mainland than the average for the zone will result in an 
overestimation. 
At the present state of knowledge, the errors in assumptions A and B may be 
taken to balance each other. 
C) For this assumption to be true the following conditions have to be fulfilled: 
1) the statistics from the fishermen are correct. 2) The trawling speed is 2 knots 
(estimate I and II). The width of the trawl-swept area is two-thirds of the length 
of the foot-rope. 4) All the ciscos in the area swept are caught. 
The close resemblance between estimates II (all the trawling teams with the speed 
taken as 2 knots) and III (selected trawling teams with the actual speed) suggests 
that conditions 1 and 2 are fulfilled reasonably well. Trawling is carried out by two 
boats working together. If the distance between the boats, the depth and the length 
of the rope from the boat to the trawl are known, the opening angle can be calculated 
and the width of the trawl-swept area determined. During 1976 these parameters 
were measured and the trawl-swept area was found to average two-thirds of the foot-
rope's length. 
152 
The cisco stay close to the bottom during the day, and should thus be caught by 
the trawls, which have a height of 5-8 m, but schools can sometimes reach higher up, 
according to echograms. This should give a small underestimation. 
Avoidance by the fish seems to be of little importance, as in the trawl statistics 
there is no difference in the catch whether speeds of 1.5 or 3 knots are used. Satura-
tion of the gear is also disregarded, due to limited knowledge of its effect. 
The mesh-size of the trawl bag is 13-14 mm when stretched. This size should 
allow some of the 0+ fish to escape, but retain the other age classes and give only a 
small underestimation of biomass. 
The estimates of the biomass may thus be reasonably accurate. If so, the catch 
can be increased without any risk of overfishing (Fig. 4). If a better sampling method 
is used, it should also be possible in the future to predict the following year's potential 
yield from the strength of 0+ age group. 
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RIVER INPUT OF DISSOLVED SUBSTANCES INTO THE 
GULF OF BOTHNIA IN FINLAND 
Jyrki Wartiovaara 
Soilwater Consultants 
Itälahdenkatu 2, SF-00210 Helsinki 21, Finland 
The data include daily streamfow values for the years 1974, 1975 and 1976 and 
analyses, made at the laboratories of the National Board of Waters, of samples 
collected from the estuaries of 16 rivers discharging into the Gulf of Bothnia 
from Finland. The data are for total phosphorus, total nitrogen, COD 
(KMnO-cons) and organic carbon. 
The Bothnian Bay receives annually 1 400 to 1 800 tonnes of phosphorus, 
20 000 to 26 000 tonnes of nitrogen and 1.1 to 1.2 million tonnes of organic 
matter. The Bothnian Sea receives 900 to 1 200 tonnes of phosphorus, 11 000 to 
12 000 tonnes of nitrogen and 0.4 to 0.5 million tonnes of organic matter per 
year. Further discussion and complete results will he published later. 
INTRODUCTION 
The future of the Gulf of Bothnia has been the subject of much discussion during 
the last ten years. Working groups have been established to calculate its water and 
material balances. This report precedes information to be published on the results 
of a study concerning the amounts of dissolved substances discharged by rivers into 
Finnish coastal waters. Further discussion and complete results will be published later. 
This subject has previously been discussed by Aschan (1,906), Viro (1953), Ryhä-
nen (1968), Lahermo (1970), Särkkä (1971), Salo & Voipio (1973), Wartiovaara 
(1975), Ahl et al. (1977) and Voipio & Tervo (1977). There are also a number of 
regional investigations that touch upon the same field, but are not referred to here 
(Mussaari 1974, Mansikkaniemi 1976). 
2. MATERIAL AND METHODS 
The calculations given here are based mainly on data collected by the National Board of Waters, 
Finland. Statistics are from the water quality register and the runoff register during two periods, 1970 
20 	1278020337 
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Fig. 1. Sampling stations and 
rives basins. 
to 1972 and 1974 to 1976. The intervals between the water quality observations varied, but samples 
were talen at least four times a year. Stresmflom was reconred daily. 
Altogether 44 river basins drain into the Gulf of Bothnia on the western coast of Finland (Fig. 1). 
The åppro'simate total discharge areas in Finland are 41 000 km2 into the Bothnian Sea (and Archi-
pelago Sea) and 142 000 km2 into the Bothnian Bay; the areas covered in this study. are 75 % 
neo the Bothnian Sea and about 90 % into the Bothnian Bay. 
The annual mean values of water quality are weighted by the daily streamflow of each river 
and the total sum is multiplied in relation to the area covered. The average given here is the arith-
metical mean value for different years. The concentration of electrolytes (mg 1-1) is conductivity 
(x201tScm-i) multiplied by 0.65. The amount of organic substances is assumed to be equal to the 
doubled chemical oxygen demand (KMnO4) as oxygen. 
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3. RESULTS 
The mean monthly values for the transport of total phosphorus, total nitrogen and 
organic matter in 1974 to 1976 as well as the mean concentrations and stream flow are 
given in Tables 1 and 2. The results for 1970 to 1972 have been published earlier 
(Wartiovaara 1975, Ahl e1 al. 1977). 
TABLE 1. Input of dissolved main nutrients 1974 ... 1976. 
Mean streamftow, mean concentrations and mean discharce of phosphorus and nitrogen. 
River basin 	 No 	Q (m'/s) 	 Plot 	 NIp 	 Nrot 	 ~In 
(mg/d nr') 	(tons/month) 	(mg/dm') 	(tons/month) 
Uskelanjoki 	............ 25 4.5 0.171 
P2imionjolci 	........... 27 5.8 0.147 
Aurajoki 	.............. 28 3.3 0.152 
Kokemäenjoki 	......... 35 223 0.072 
ICarvianjoki 	............ 36 33 0.084 
Isojoki 	................ 37 15.3 0.037 
Kyrönjoki 1) 	........... 42 48 0.135 
Lapuanjnl<i 	............ 44 35 0.098 
Lestijoki 22) 	............ 51 14.1 0.059 
Kalajoki 	............... 53 28 0.085 
Pyhäjoki 	.............. 54 30 0.055 
Siikajoki 	.............. 57 42 0.076 
Oulujoki 	.............. 59 261 0.023 
Iijoki 	................. 61 177 0.025 
Kemijoki 3) 	............ 65 534 0.024 
Tornionjoki 3) 	......... 67 380 0.016 
1), Runoff values partly reduced in proportion to 	the area. 
z) Years 1974 and 1975 only. 
3) Nitrogen years 1975 and 1976 only. 
2.0 1.95 23 
2.2 2.17 33 
1.3 1.74 15 
42.3 1.02 600 
7.3 1.03 90 
3.2 0.51 44 
17.2 1.77 225 
8.9 1.70 154 
2.2 0.85 31 
6.3 1.11 82 
4.4 0.72 58 
8.3 0.69 76 
15.5 0.49 333 
11.8 0.36 169 
34.2 0.46 612 
16.1 0.34 290 
TABLE 2. Input of dissolved organic matter 1974 ... 1976. 
Mean COD doubled, mean concentration of orcanic carbon, and mean discharce of organic 
matter and carbon. 
Rive, basin 	 No 	2X K5EnOa -eDns, 	Morg. 	 Org. C 	 MC 
(mgo2/d m') (tons/month) 	(mg/d0°) (tons/month) 
Uskclanjoki 	............ 25 26.8 316 13.8 163 
Paitnionjoki 	........... 27 24.5 370 13.6 206 
Aurajoki 	.............. 28 36.4 315 17.6 152 
Kokem(ienjoki 	......... 35 36.5 21 412 15.2 8 934 
Karvianjoki 	............ 36 38.2 3 321 13.9 1 210 
Isojoki 	................ 37 44.6 1 795 19.9 801 
Kyrönjoki 1) 	........... 42 58.5 7 438 24.2 3 080 
Lapuanjoki 	............ 44 48.7 4 430 21.0 1 914 
Lestijoki 2) 	............ 51 53.0 1 962 20.7 766 
Kalajoki 	............... 53 56.1 4 156 24.1 1 783 
Pyhäjoki 	.............. 54 42.8 3 422 19.5 1 558 
Siikajoki 	.............. 57 48.8 5 361 21.8 2 392 
Oulujoki 	.............. 59 33.2 22 811 11.4 7 853 
Iijoki 	................. 61 25.5 11 839 11.6 5 367 
Kemijoki 	.............. 65 22.2 31 206 9.3 13 108 
Tornionjoki 	........... 67 14.4 14 333 7.6 7 628 
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The average amounts of substances transported by rivers representing the total 
dischange area are as follows (t kma'): 
	
Bothnian oth ian Bay ........................................... 	1970...1972 	1974...1976 
Total phosphorus ..................................... 	0.013 	 0.010 
Total nitrogen 	........................................ 	0.18 0.14 
Org. matter .......................................... 	7.8 	 8.9 
Bothnia Sea ............................................ 	1970...1972 	1974...1976 
Total phosphorus ..................................... 	0.029 	 0.022 
Total nitrogen 	........................................ 	0.27 0.30 
Org. matter .......................................... 	11.8 	 10.3 
The Bothnian Bay receives 1 400 to 1 800 tonnes of phosphorus, 20 000 to 26 000 
tonnes of nitrogen and 1.1 to 1.2 X 101 tonnes of organic matter per year. The 
Bothnian Sea receives 900 to 1 200 tonnes of phosphorus, 11 000 to 12 000 tonnes 
of nitrogen and 0.4 to 0.5 X 106 tonnes of organic matter per year. 
The amounts of suspended solids and electrolytes transported by rivers are 0.3 
to 0.5 X 106 t a -1 and 1.6 to 1.7 X 106 t a -1  into the Bothnian Bay, 0.15 to 0.17 x 
106 t a -1 and 0.8 to 0.9 x 106 t a -1 into the Bothnian Sea, respectively. 
4. DISCUSSIO N 
The figures given as an estimate of material transport by rivers should not be con-
sidered as the loading to the open sea. Conspicuous sedimentation of humic matter 
occurs in the near coastal zone (eg., Tulkki 1977), and unfiltered samples include 
non-dissolved material. 
Factors in sampling, analysis and calculation have resulted in a stochastic varia-
tion of roughly ten percent in the accuracy of these calculations. However, the aver-
age estimates, depending on which years were included, can vary in wider range. 
The transport summed up for a sea area varies by a factor of 1 to 5 between different 
annual mean values. A reasonably long-term estimate depends on the representa-
tiveness of the streamfow and weather conditions. In this study the estimates used 
were considered satisfactory for the current purpose. 
The importance of phosphorus as a cause of eutrophication is evident, although 
by the criteria of freshwater, the Gulf of Bothnia is to be considered an oligotrophic 
system. Suspended solids and electrolytes transported by rivers, possibly nitrogen 
and organic matter, are less significant constructors of the material balance of the 
sea; they influence chiefly the state of estuaries, local currents and sediments. 
At least two main points must be clarified before the data given here or elsewhere 
can be used to model the marine ecosystem: the first one is the quantification of the 
coastal processes which reduce the loading to the open sea; the second concerns the 
probability that the main nutrients and organic matter transported by rivers will not 
be key factors in the Gulf of Bothnia in the immediate future. 
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THE INPUTS OF SUBSTANCES TO THE GULF OF 
BOTHNIA FROM THE COAST OF SWEDEN AND 
FROM THE ATMOSPHERE IN 1976 
Lars Asplund 
National Swedish Environment Protection Board 
P. 0. Box, S-171 20 Solna, Sweden 
Data on the discharge of pollutants from Sweden to the Gulf of Bothnia in 1976 
have been collected by the County Administrations and compiled by the 
National Swedish Environment Protection Board. 
INTRODUCTION 
This study compiles the available data on input to the Gulf of Bothnia in 1976. Four 
sources are taken into account: rivers, municipalities, industries and the atmosphere. 
Nitroten fixation by organisms is not included. 
RIVER TRANSPORT 
Data have been supplied by T. Ahl., Swedish Environment Protection Board, 
Limnologital Survey. The Swedish water quality network determines a large number 
of parameters for rivers flowing into the Gulf of Bothnia. Table 1 gives the 
transport figures for water quantity, biochemical oxygen demand (BOD,), total 
phosphorus (P) and total nitrogen (N) for 1976. BOD 7 is not directly deter-
mined but calculated. A biochemical oxygen demand of 1 mg/l is assumed for 
rivers flowing into the Bothnian Bay and 1.4 mg/l of oxygen for rivers flowing 
into the Bothnian Bay. 
TABLE 1. River transport from Swedish territory in 1976 
Total 
Sea arta discharge 
BOD, t'tot Nto, 
IO`m' t 
Bothnian 	Bay 	...................... 45 200 45 000 810 11 000 
Bothnian 	Sea 	...................... 55 500 78 000 610 15 000 
Gulf 	of 	Bothnia 	.................... 100 700 123 000 1 420 26 000 
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Fig. 1. Drainage basins according to the 
Swedish Meteorological and Hydrological 
Institute, SNIHI, and discharge and quality 
stations mentioned in this survey. 
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Metal concentrations are determined in seven rivers draining into the Bothnian 
Bay and nine rivers draining into the Bothnian Sea. 
For 1972-1975 data are available for iron (Fe), manganese (Mn) and zinc (Zn). 
The values in Table 2 are estimates based on investigations of water from about 
84 percent of the drainage areas belonging to the Bothnian Bay and about 86 percent 
of the drainage areas belonging to the Bothnian Sea. 
TABLE 2. River transport of iron (Fe), manganese (Mn) and 
zinc (Zn) from Sweden to the Gulf of Bothnia. Klein values 
1972-1975. 
Sea area 
Fe \In Zn 
In t/a t/a 
Bothnian 	Bay 	.......... 29 000 1 700 800 
Bothnian 	Sea 	.......... 13 000 1 500 2 900 
Gulf of Bothnia 	....... 42 000 3 200 3 700 
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MUNICIPAL WASTEWATER OUTLETS 
The information was collected from a questionnaire sent to the County Administra-
tions. Included is the discharge downstream the water quality network. Only localities 
with more than 200 inhabitants living in houses not more than 200 m apart were 
taken into account (Fig. 2). The biochemical oxygen demand (BOD,), the chemical 
oxygen demand (COD) and phosphorus are reqularly determined at municipal waste-
water treatment plants. Other parameters such as suspended solids and heavy metals, 
especially those in sludge, are analysed at some larger plants. The specific loads in 
Table 3 were used whenever analyses were not available, e.g. for nitrogen. Table 4 
gives the assumed reductions for different parameters with different methods of 
treatment. The load from the municipalities is shown in Table 5. 
TABLE 3. Specific daily loads per person. 
Parameter 	 Load 
BOD, 	...................................... 60 g/pe  d 
Ptot ......................................... 	3 
Nto. 	........................................ 	11 
Waste water .. ............................... 	400lJpe cl 
TABLE 4. Efficiency of treatment as a function of the method 
applied. 
Method of treatment 
BOD, 
Reduction, percent  
P N 
Sedimentation 	............... 30 10 10 
Biological 	................... 80 25 30 
Oxidation 	pond 	.............. 40 10 30 
Chemical 	.................... 60 90 30 
Biological 	and 	chemical ....... 90 90 30 
TABLE 5. The discharge of waste water from municipal treatment plants to the Gulf of Bothnia in 
1976. The load on the plants is expressed as person equivalents. 
Load 
Sca area 	 No. of 
	 No. Volttnc 	 BOD, 	Ptot 	N,,,1 
plants 
PC 	 10'm' 	 t t t 
Bothnian Bay .......... 	42 	182 000 	35 	1 300 	60 	650 
Bothnian Sea .......... 	96 450 000 54 2 300 180 1 250 
	
Gulf of Bothnia ....... 138 	630 000 	89 	3 600 	140 	1 900 
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Fig. 2. Larger municipalitics 
discharging into the Gulf of 
Bothnia in 1976. 
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The contents of metals in the water treated are not regularly analysed at the municipal 
treatment plants along the coast of the Gulf of Bothnia. In 1976, however the County 
Administration of Norrbotten, the most northern County on the Swedish coast of the 
Bothnian Bay, undertook such an investigation, and the results are given in Table 6. 
The examined sewage outlets origins from about 200 000 person equivalents, which 
is 84 percent of the load on coastal municipal treatment plants in the County of 
Norrbotten. It is difficult to draw reliable conclusions about metal discharges from 
other localities because the amounts depend so much on the type of settlement and on 
the commercial and industrial structure of the area. 
TABLE 6. Heavy metal discharges of anthropogenic origin to the 
Bothnian Bay from the Country of Norrbotten in 1976. 
Chromium 	Copper 	Lead 	 Zinc 
Cr Cu Pb Zr 
56 	256 	30 	1 304 	kg/a 
21 	1278020337 
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INDUSTRIAL DISCHARGE 
Also obtained from the County Administrations was information on outlets from 
industries (Fig. 3). The bulk of the nutrients and organic matter derive from the wood 
fibre industry, that is the pulp, paper and wallboard industries. Five mills are situated 
on the coast of the Bothnian Bay and twenty six on the coast of the Bothnian Sea. 
Other large industries discharging waste water to the Bothnian Bay are the steelworks 
in Luleå and the metal plant in Skellefteå. On the coast of the Bothnian Sea there are 
five organic chemical factories, one aluminium plant and one power plant. Table 7 and 
8 give data on industrial discharge to the Gulf of Bothnia. 
FABLE 7. Outlets from Swedish wood fibre plants on the coast of the Gulf of Bothnia in 1976 
\\Ins te 	 Sus. 
water BOD; 	Ligistos 	tended 	P,ot 	i\tot Sca area 	 quantity 	 solids 
10°m' 10't 	 10't 	 10't 	 t 	 !0't 
Bothnian 	Bay 	.......... 64 14 15 7 69 35 
Bothnian 	Sca 	.......... 696 169 177 55 340 275 
Gulf of Bothnia 	....... 760 183 192 62 409 310 
TABLE 8. Outlets to the Gulf of Bothnia from industry other than the wood fibre industry from 
the Swedish coast in 1976. 
Waste Sus- 
Sca area 
mater COD BOD, Pto, N of pcnded 
r Juont t y .solids 
lusur' 10't 10't t t ]0''t 
Bothnian 	Bay 	.......... 59 5.2 2.25 2.9 103 0.22 
Bothnian 	Sea 	.......... 113 0.53 33 3.0 
Gulf of Bothnia 	....... 172 5.73 2.25 2.9 136 3.22 
Information on industrial discharge is not so well established as is that on municipal 
discharges, in many cases only one determination of parameter was available, and in 
some cases the estimate was based on data from outlets from other similar factories. 
The figures for nitrogen discharges from wood fibre plants were calculated assuming 
a ratio of five to one between total nitrogen and phosphorus. 
The largest source of harmful substances to the Bothnian Bay is the Rönnskär 
works in Skellefteå. The main products are copper, lead, arsenic, gold and sulphuric 
acid. The waste water discharged to the Bothnian Bay contains sulphuric acid (H2SO4), 
arsenic (As), zinc (Zn,) copper (Cu), lead (Pb), cadmium (Cd) and mercury (Hg). The 
steel works and coking plant at Luleå discharged sulphuric acid (HZSO,,), nitrogen 
compounds (N), iron (Fe), oil, zinc (Zn), phosphorus compounds (P), cyanides, 
phenoles and chromium (Cr). 
The combined power and heating plant at Gävle discharges cooling water. In 1976 
about 1.4 million cubic metres were discharged with a temperature increase of about 
seven degrees (K), which corresponds to 11 GWh. 
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TABLE 9. Harmful substances introduced to the Gulf of Bothnia in 1976 from factories on the 
Swedish coasta. Quantitites measured. 
Sca area 	 Hg 	Cd 	 Zn 	Cr 	 Pb 	 As 
	
Bothnian Bay .......... 700 	1 100 	9 000 	800 	14 000 	900 000 	kg 
Bothnian Sea .......... 	64 — — 	kg 
Phialic 	Sulph. 	Sodium 
Sea area 	 Oil 	Phcnolcs 	ack acid hydroxide 	Cyanides 
Bothnian Bay .......... 58 000 	100 	— 	2 880 000 	— 	1 600 	kg 
Bothnian Sea .......... 	— 	9 000 	yes 2 400 	70 000 — 	kg 
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DEPOSITION FROM THE ATMOSPHERE 
Deposition from the atmosphere has been roughly calculated on the basis of con-
centrations of total nitrogen and total phosphorus in precipitation over Sweden (good 
values are available from Sjöängen near Lake Vänern) and precipitation data for the 
Gulf of Bothnia (Table 10). More information is now being collected on the con-
centration of substances in precipitation on the Gulf of Bothnia. In this context data 
on dry deposition and on losses from the sea surface are pertinent. Research is also 
underway to assess the contribution from nitrogen fixation by organisms. 
TABLE 10. Wet deposition of phosphorus and nitrogen on the 
Gulf of Bothnia. 
sn area 	 Prot 
	 1~tot 
lo=t,:, IU't/a 
Bothnian Bay ...................... 	0.8 	17 
Bothnian Sea ...................... 	1.7 38 
Gulf of Bothnia .................... 	2.5 	 55 
SUMMARY 
All the input of BOD„ total phosphorus and total nitrogen both of rivers and 
anthropogenic origin from the coast of Sweden and from the atmosphere are sum-
marized in the Table 11. 
Transport from Swedish territory in 1976. 
Rivers Municipal Wood tibrc All other Total 
Sca 	t\ren 
t t 
industry 
t 
industry 
t 
transport 
t 
BOD, 
Bothnian 	Bay 	.......... 45 000 1 300 14 000 2 300 62 600 
Bothnian 	Sea 	.......... 78 000 2 300 169 000 500 249 800 
Gulf of Bothnia 	....... 123 000 3 600 183 000 2 800 312 400 
Phosphorus (1') 
Bothnian 	Bad. 	.......... 810 60 69 — 939 
Bothnian 	Sea 	.......... 610 180 340 — 1 130 
Gulf of Bothnia 	...... 1 420 240 409 2 069 
Nitcogcn (N) 
Bothnian 	Bay 	.......... 11 000 650 35 000 100 46 750 
Bothnian 	Sea 	.......... 15 000 1 250 275 000 30 291 280 
Gulf of Bottenta 	....... 26 000 1 900 310 000 130 338 030 
Finnish Marine Research No. 244 (1978) 165-172 
DIRECT WASTEWATER LOAD INTO THE GULF OF 
BOTHNIA FROM THE FINNISH COAST 
Aaro Haverinen and Heidi Vuoristo 
National Board of Waters 
P. O. Box 250, SF-00101 Helsinki, Finland 
The paper deals with the direct wastewater load into the Gulf of Bothnia from 
municipalities and industry with regard to the most important load parameters. 
Data on heavy metals and other harmful substances were only available for 
industrial wastewaters. The load figures for 1976 are drawn from statistics 
compiled by the National Board of Waters. Direct load into the Gulf of Bothnia 
from the Finnish mainland was then 68 000 t/a BOD„ 500 t/a phosphorus and 
4 200 t/a nitrogen. The wastewater load is now smaller than it was in 1972. 
Even so, the nitrogen load in municipal wastewater has grown because 
methods for removing nitrogen have not kept pace with the growth in the load. 
The oxygen-consuming load is largely discharged into the Bothnian Bay, and 
the plant nutrient load into the Archipelago Sea. Heavy metal pollutants and 
other harmful substances are discharged especially into the southern Bothnian 
Sea. The ability to carry out analyses on harmful substances is much improved 
nowadays. Even so, data on the occurrence of these substances and their effects 
on the marine environment are still obtained on a rather unsystematic basis. In 
effluent monitoring more attention should be paid to harmful substances than 
has been done hitherto. 
GENERAL 
The state of sea areas is primarily affected by the direct disposal of wastewater into 
the sea on the one hand, and by waste and other substances conveyed by rivers on 
the other. The first factor, the so-called direct load, is of greater interest than the 
second, the indirect load from rivers, because the direct waste water load enters 
the sea unchanged. 
The topic of this paper is the direct wastewater load into the Gulf of Bothnia 
from the Finnish mainland. The load originates from wastewater discharged directly 
into the sea from coastal population centres and industrial plants. The size of this 
load can be well estimated nowadays owing to improved methods of monitoring 
the quantity and quality of wastewater. The quantity of material conveyed by rivers 
lit 
is measured at water quality observation points at the mouths of the rivers. Those 
communities and industrial plants that discharge their wastewaters into the estuary 
below the observation point are considered here to emit direct load, because the 
river reach below the observation point is usually very short, usually less than 5 km 
in length. Thus, the following figures are intended to include all the load that is not 
incorporated in the data on indirect river load. It is the sum of this direct load and 
the material conveyed by rivers that makes up the total load from the Finnish 
mainland into the Gulf of Bothnia. 
The direct load into the Gulf of Bothnia is illustrated by the following parameters: 
wasterwater quantity, oxygen consuming organic matter, plant nutrients and sus-
pended solids. The data on municipal wastewater are taken from the relevant sta -
tistics for 1976. These statistics are published annually by the National Board of 
Waters. Data on industrial effluents are taken from industrial wastewater statistics 
gathered by the National Board of Waters on the basis of enquiry. The data were 
checked by the results of the statutory monitoring imposed on polluters by decisions 
of the Water Courts. The data on industrial wastewater are also from 1976. A special 
list of heavy metals and other harmful substances in industrial effluents has been 
compiled from information on individual plants available to the water authorities. 
All polluters whose wastewaters may affect the sea area were taken into consideration in 
the assessment of the amounts of harmful substances; therefore, the list includes 
plants located upstream the observation points at the mouths of the rivers. 
MUNICIPAL WASTEWATER LOAD 
According to water supply and wastewater statistics, the wastewaters of 600 000 
inhabitants were discharged directly into the Gulf of Bothnia in 1976 from popula-
tion centres on the coast of the Gulf of Bothnia. This represents some 20 % of the 
total Finnish population served by sewage networks. The population is most dense 
in the south along the coast of the Archipelago Sea, although the differences between 
the different parts of the coast are not pronounced as is shown by the following 
table presenting coastal population whose wastewaters were discharged directly into 
the Gulf of Bothnia in 1976: 
Population served by sewage networks 
Total number of 
'Dotal number people 	whose 
Sea aret 	 of 	people wastewaters were 
served by discharged 
sewage without 
network treatment 
Archipelago Sea ....................................... 	241 000 
	
29 000 
Bothnian Sea .......................................... 	152 000 67 000 
	
Bothnian Bay .........................................213 000 
	
49 000 
Total 606 000 
	
146 000 
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Thus, the wastewaters of 146 000 people were discharged without treatment into 
the Gulf of Bothnia in 1976. 
According to water supply and wastewater statistics, quantities of wastewater and 
pollution load into the Gulf of Bothnia in 1976 were as follows: 
Direa load from municipal sewerage into the Gulf of Bothnia 
Sca area 
\Vastewatcr 
quanity SOD, 'Dotal 	P Total N 
1 000 ma/a t/a t/a t/a 
Archipelago Sea 	.................... 41 700 3 090 119 1 287 
Bothnian 	Sea 	....................... 25 700 2 160 110 571 
Bothnian Bay 	...................... 35 100 2 270 117 947 
Total 	102 500 7 520 346 2 805 
During the last few years the BOD, and phosphorus load have decreased in munici-
pal wastewater. In contrast, the nitrogen load has slowly increased because the size 
of the population served by sewerage has outperced developments in nitrogen-
removal. In comparison to 1972, the BOD, load into the Gulf of Bothnia has de-
creased by 24 % and the phosphorus load by 17 %. Meanwhile the population served 
has increased by 60 000 (11 %), the wastewater quantity by 29 % and the nitrogen 
load by C. 18 %. 
INDUSTRIAL WASTEWATER LOAD 
The wood-processing industry is by far the largest direct industrial polluter of the 
Gulf of Bothnia. The main part of the wood-processing industry is concentrated 
on the coast of the Bothnian Bay. A few wood-processing plants are also located 
on the coast of the Bothnian Sea; the newest is the plant at Kaskinen, which started 
up in 1977. The most important polluters after the wood-processing industry are 
the metal and chemical industries; the largest plants are in or near Turku, Uusi-
kaupunki, Pori, Kokkola, Raahe and Oulu. 
The following table gives the load from industry. The wood-processing industry 
is distinguised from other industries owing to its large share of the total load. In 
1976 the load was: 
Direct load from wood-processing industr y into the Gulf of Bothnia 
Sca area 	 \\'aslcwater 	 Suspended 
quanity SOD; 	'Dotal p 	Total N 	solids 	K\fnO, 
	
1 000 m'/a 	t/n t/a 	t/a 	 t/a t/a 
Archipelago Sea ....... 	— 	- 
Bothnian Sea .......... 	52 900 	10 900 	28.8 	121 3 600 	13 600 
Bothnian Bay ..........  279 000 	48 100 88.9 	506 	21 100 	152 000 
Total 332 000 	59 000 	118 	627 	24 700 	166 000 
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Direct load from other industrics into the Gulf of Bothnia 
Sca area \Vasrcw .ttcr 
ryuantity BOD, Total P Total N 
S us ended 
solids KAHO, 
1 000 ma/a t/a t/a t/a t/a tja 
Archipelago 	Sea 	....... 10 300 645 15.1 79.6 705 591 
Bothnian 	Sea 	.......... 5 650 841 25,2 11.7 2 320 631 
Bothnian 	Bay 	.......... 42 500 418 7.3 724 1 270 1 890 
Total 	58 500 1 540 47.6 815 4 300 3 120 
Since 1972 there has been a substantial reduction in the load from the wood-
processing industry. The wastewater quantity has decreased by 35 %, the BOD, 
load by 45 % and the suspended solids load by 70 %. The phosphorus load has 
decreased by 26 % and the nitrogen load by 28 %. As the production volume in 
1976 was almost equal to that of 1972, the load reduction is not so much a conse-
quence of the economic depression (i.e. of unused capacity) as of water pollution 
control measures and changes in process technology and production lines. 
It is difficult to assess the trend in loads in industries other than wood-processing 
owing to the incompleteness of data from earlier years. The industrial wastewater 
statistics provide data for 1974. In comparison to these data the load has diminished 
for most parameters, though not very significantly in general. An exception is the 
fertilizer industry; its pollution load shows a marked reduction as a result of water 
pollution control measures. 
The area least loaded is the Bothnian Sea from Pori to Vaasa. In the Archipelago 
Sea loading is heavy from municipalities and the chemical industry, and a substantial 
organic load is introduced into the Bothnian Bay from the wood-processing industry. 
Fig. 1 shows the direct wastewater load discharged into various parts of the Gulf 
of Bothnia. 
HARMFUL SUBSTANCES 
Most of the heavy metals and other harmful substances discharged into the Gulf 
of Bothnia can be traced to industry, largely chemical and metal industries. 
The following table lists harmful substances introduced into the sea from industry 
in 1976. The substances included are those mentioned in Annex II of the Helsinki 
Convention as especially harmful, and on which data are available: 
Hg 	 Cd 	 Ni 	Zn 	 Cr 	Pb 	Sb 	 .\s 	Oil 	Total TiO, 
t/a t/a t/a t/a tle t/a t/a t/a t/a tja 
0.160 	0.59 	49 	290 	67 	4.5 	5.9 	2.3 	51 	7 300 
The pollution load is most diverse and its effects most strongly felt off the city 
of Pori on the southern coast of the Bothnian Sea. Municipal wastewater is also likely 
to carry harmful substances into the sea because industrial plants are often linked to 
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Fig. 1. Direct waste water load into different parts of the Gulf 
of Bothnia in 1976. 
municipal networks; for example, wastewaters from surface-treatment facilities and 
textile mills contain many substances alien to nature. Even so, the question of harm-
ful substances in municipal wastewaters must be investigated much more thoroughly 
before definite conclusions can be reached. 
The appendix (p. 171-172) gives an rough estimation as to the extent harmful 
substances have been analysed, including their occurrence in rivers, wastewaters 
and the marine environment. In some industrial plants the incidence of harmful 
substances in effluent has been studied in considerable detail; in some it is even 
monitored continuously. In contrast data on river water and municipal wastewater 
22 1278020337 
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have been collected randomly, with the exception of those for a few special in-
vestigations. Data on harmful substances in the marine environment are available 
almost exclusively from biological material and sediments. Most of the data were 
collected at random, although the results of some special investigations are available. 
Harmful substances in sea water have been studied very little. 
The appendix also gives the present ability for carrying out analyses. The National 
Board of Waters has developed or is developing methods for analysing most of the 
heavy metals and the most harmful organic substances. Certain other substances 
(e.g. radioactive substances) may be analysed in other research institutes. 
Trends in the pollution load introduced into the marine environment should be 
followed by analysing harmful substances, besides oxygen-consuming matter and 
nutrients. The danger of harmful substances in the marine environment lies not 
only in their toxic effects but especially in their stability and accumulation in aquatic 
food-chains. 
In surveys of harmful substances, the main emphasis initially should be on the 
substances given high priority as defined within the framework of the Helsinki 
Convention (halogenated hydrocarbons, mercury, cadmium, oil, arsenic, lead, 
copper, chromium and phosphorus compounds). The discharge of other harmful 
substances should also be followed up if it is known or suspected that such substances 
are being introduced into the sea from a particular source. 
The priorities for the various substances in pollution control are listed in the 
appendix. Substances or groups of substances are classified as very important, im-
portant or less important according to their effects on the marine environment. 
The classification reflects the opinion of the authors. 
Concentration on the most harmful substances only is justified economically. 
Monitoring expenses should not rise too high, which can easily happen when costly 
special methods are used to detect harmful substances. When such analyses are 
included, the other analyses in the obligatory monitoring programmes should be 
eased out in turn; the load factors of lesser importance for the state of the marine 
environment should be neglected altogether or their monitoring frequency reduced. 
The quantity of harmful substances conveyed by rivers should also be monitored. 
In 1977 the National Board of Waters analysed the contents of mercury, cadmium, 
lead, zinc, copper and chromium from samples taken at so-called flowing water 
observation points. The investigation is to be repeated in 1978. 
APPENDIX. General ability to analyse harmful substances and the existence of data on these substances in 1976. 
Substance o~ group of substances General ability 
Existence of data 
from 
on load Degree 	of 	pollution 
marina environment 
in Priority in 
pollution 
control 
fresh 	sea 
_ater 	water 
biol. 
mater. 
sydi- 
ment 
rincrs industry municipal- 
itics 
water 	bio]. 
mater. 
scdi- 
ment 
1. DDT and its derivatives (NBW) NBW (NBW)A 2 0 0 4 ;--~--~ 
DDE and DDD ....... (NBW) NBW (NBW)A 2 0 0 4 
2. 	PCB's 	................ (NBW) NBW NBW 2 1 1 4 2 -±H- 
3. 	Hg 	................... NBW 	(NBW) NBW NBW 2 3 (5) 2,4 2,4 2,4 4-4.--{- 
Cd 	................... NBW 	NBW NBW NBW 2 3 	(5) 2,4 2,4 2,4 
4. 	Sb 	................... NB\WW 	(NBW)A (NBW)A (NBW)A\ 
As 	................... NB\0 	(NBW)A A NB\l"' 0 3 	(5) 2.4 2 
Be 	................... A 	0 A A 0 'r — -I- 
Cr 	................... NBA 	NBV, NB\\ NB\\ 2 3 (5) 2,4 2 -}- — -~- 	- 
Cu 	................... NBW 	NBW NBW NB\y 2 3 (5) 2,4 H--I-+- 
Pb 	................... NB'X' 	NBW NBW NB\\- 2 3 (5) 2,4 2,4 2,4 T H- 
,— 
Ni 	................... NBW 	NBW NBW NBW 2 3 	(5) 2,4 2 + — + + 
Se 	................... (NBW) 	0 (NBW)A (NBW)A 0 + 
Sn 	................... NBW 	A A A 0 +—±+  
V 	.................... NBW 	NBW (NBW)A (NBW)A 2 2 4 ±—+± 
Zn 	................... NBW 	NBC/ NBW NBW 2 3 (5) 2,4 2,4 2,4  
P 	.................... A 	A A A 0 -r 
5. Phenols and their 
derivatives. 
Phenols 	............... NB' A A 2 2 (5) ++ 
Pentachlorophenol 	..... NB\X NBW A 2 2 +-{- 
Tetrachlorophenol 	..... NBW NBW A 2 2 -+-H- 
Trichlorophenol 	....... NBW NBW A ±+ 
MCPA 	............... NBW (NBW) A 2 + + 
2,4 	D 	................ NBW A A 2 2,4 ++ 
2,4,5 	T 	............... NBW A A 2 2,4 ++ 
6. Phthalic acid and its 
derivatives 	............ NBW NBW A\ 1 2 1 I- — -I- -H 
7. 	Cyanides 	.............. NBW 	NBW A A 0 2 (5) 0 2 ± 
8. Persistent halogenated 
hydrocarbons 
Hexachlorobenzene ..... (NBW)A NBW A 1 2 4 H- —++ 
Dieldrin 	.............. (NBW)A NBA' A 1 2 + — ++ 
Lindane 	.............. NBW NBW A 2 2 -i - - ±+ 
Pentachloronitrobenzene. (NBW)A A ,A 2 3 2 - — H- H- 
Tetrachloronitrobenzene. (NBW)A A A\ 2 1 0 - — + -I 
N 
A 1 1 1 ++ 
A 1 1 0 + 
O 2 1 1 -1- — -{- -~ 
O 2 1 1 +—++ 
A +--f-+ 
A 
A T—+± 
A 5 5 5 2 
O 2,4 -- 
O 2 -{- 
O -, 
O 
NBW 3 3,5 2 	2,4 4 	++ 
0 L2 
0 
O 2 3 5 
O 
O 
APPENDIX (cont.) 
9. Polycyclic 	aromatic 	by- 
drocarbons and their de- 
rivatives 	.............. (NBW)A A 
10. Persistent 	toxic 	organo- 
silicic 	compounds 	..... A A 
11. Persistent 	pesticides 	not 
covered by Annex I 
Organophosphoric 
pesticides 
Parathion 	........... A 0 
Malathion ........... A 0 
Organostannic 	pesticides A A 
Herbicides 	............ A A 
Slimecides 	............ A A 
12. Radioactive materials ... A A 
13. Resin acids 	............ NBW A 
Surface active agents: 
anionic 	............... NBW 0 
cationic 	............... NBW 0 
non-ionic 	............. A 0 
14. Oil and wastes containing 
lipidsoluble 	substances 
Mineral 	oil 	........... NBW A 
Dichloroethane 	........ NBW 0 
Trichloroethane ........ NBW 0 
15. Lignin substances NaLS NB' 0 
16. The chelators 
EDTA 	............... (NBW) 0 
DTPA 	................ (NBW) 0 
List of symbols 
NBW(A) = National Board of Waters (or other institute) 
has own method of analysis 
O 	= no method 
( 	) 	= method not yet in routine use 
0 = probably none 
1 	= no data 
2 = irregular data 
3 	 many data from one or several sources 
4 	= special investigations 
5 	= regular monitoring 
(5) 	= regular monitoring, not all-embracing 
= very important 
++ = important 
-F = less important 
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INVESTIGATIONS INTO THE DISPERSAL OF RIVER AND 
WASTE WATERS IN THE NORTHEASTERN PART OF 
THE BOTHNIAN BAY IN 1975-1977 
Erkki Alasaarela 
Pohjois-Suomen Vcsitutkimustoimisto 
Koskelantic 123, SF-90520 Oulu 10 
Finland 
Urpo Myllymaa 
National Board of Waters 
Water District Office of Oulu 
P. O. Box 124, SF-90100 Oulu 10 
Finland 
The report deals with the spread, dilution and influence of river and waste 
waters in the north of the Bothnian Bay, in the area between Tauvo and Seiskarö, 
in 1975-1977. The investigations are being continued. Extensive surveys were 
made annually in summer and winter, and a smaller area was investigated more 
thoroughly each year. 
The river waters spread out in a layer on the sea surface in winter, but mix 
with the sea water in summer. In winter the waste waters may form a layer 
between the river and sea water or drift out to sea as a float-like formation. The 
waste waters are also mixed and diluted much more effectively in summer than 
in winter. 
1. INTRODUCTION 
The hydrography of the northern part of the Bothnian Bay is strongly influenced by 
stream discharge. According to Dahlin (1976, see Mikulski 1970), of the total amount 
of river water entering the Gulf of Bothnia, 44 % is discharged to the northern half 
of the Bothnian Bay. Most of this water enters the area between Tauvo and Seiskarö 
(Siikajoki-Tornionjolci area), which is dealt with in the present account. In addition 
to the substances discharged with the river waters, this sea area receives pollutant 
loads from the urban population and industry. 
In 1975, a basic biological investigation was made of the area off Oulu (Alasaarela 
1976 a, 1977 a), after which local monitoring was combined with the work of the 
new research stations to provide a unfied system covering the whole northeastern 
part of the Bothnian Bay. This made it much easier to interpret the findings, for the 
areas influenced by the different loading factors and stream discharge partly overlap. 
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The field work and hydrochemical analyses were mostly made by the laboratory 
of Pohjois-Suomen Vesitutkimustoimisto. A sifnificant contribution to the success of 
the investigation was made by the Oulu District Office of the National Board of 
Waters. 
The present paper covers the investigations made in 1975-1977. The detailed 
results and the methods employed in the work are presented elsewhere (Alasaarela 
1976 b, 1977 b) . 
2. STUDY AREA AND ITS LOADING 
Most of the study area (Fig. 1) is shallow. Islands are relatively few, except in the 
northern part. 
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Fig. 1. The study area. 
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The towns and factories are located by the largest rivers. The industries comprise 
mining at Tornio, wood-processing at Kemi, and chemical and wood-processing 
industries at Oulu. 
Data on the pollutant loads and the stream discharge are presented in Tables 1 
and 2. The nutrient and BOD, loads of the rivers are clearly greater than those 
imposed by the population and industry. 
In the discharges made by the urban population and industry, the nutrient load 
is greatest off Oulu and the BOD, load off Kemi. 
The water of the small rivers is rich in humus. Owing to this fact and the dispersed 
population, some small rivers (e.g. the Siikajoki) have markedly high substance dis-
charge values, most of the discharge entering the sea at the time of the spring peak. 
TABLE 1. Loads of municipal and industrial wastes discharged to the northeastern part of the 
Bothnian Bay in 1976. (Alasaarela 1977 a, Alasaarela & Antila 1977, Meslus el al. 1977). 
BOD; 	 Nitrogen 	Phosphorus 
Source 	 tid t/d tid 
Population 	at 	Kemi 	............................. 0.85 0.25 0.06 
Population 	at 	Oulu 	............................. 2.21 1.23 0.07 
Mining 	industry 	at 	Tornio 	....................... 0.05 0.07 0.002 
Forest 	industry 	at 	Kemi 	......................... 69.4 0.55 0.12 
Forest 	industry 	at 	Oulu 	......................... 44.3 0.50 0.09 
Chemical 	industry 	at 	Oulu 	....................... - 1.55 0.01 
- - -- - Total 	116.8   4.15 --- 0.35 
FABLE 2. River discharge to the northeastern part of the Bothnian Bay. (National Board of Waters 
Finland: Hydrologinen vuosikirja 1971 and IHP investigations). The percentages of the discharge 
occurring during the two months of the spring peak are given in parentheses. 
-_-~ 1961- 1970 1976 
River \IQ SOD, Nitrogen Phosphorus 
m'/s (%) t/d (%) t/d (%) t/d (1) 
Tornionjoki 	................. 379 (42)  - - - - - - 
Kemijoki 	.................... 569 (41) 88.7 (52) 22.9 (54) 1.14 (36) 
Simojoki 	.................... 39 (48) 17.0 (79) 4.3 (83) 
Iijoki 	....................... 185 (40) 26.7 (52) 4.8 (49) 0.37 (56) 
KiiminI<ijol<i 	................. 44 (43)  6.4 (70) 1.3 (64) 0.11 (70) 
Oulujoki 	.................... 258 (17) 32.1 (24) 6.3 (24) 0.40 (25) 
Siikajoki 	.................... 39 (52) 5.7 (57) 1.7 (53) 0.18 (52) 
Total 	1 513 176.6 41.3 2.20 
3. MATERIAL AND METHODS 
A comprehensive survey (80-120 stations) was made twice a year (April and August) in 1975-1977. 
In addition, the state of the coastal area off the town of Oulu was examined eight times a year. 
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Fig. 2. The total quantity of river water in the whole water column in late winter in 1975-1977. 
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The distribution of river water in the surface layer of the Bothnian Bay was charted with a portable 
electric conductivity meter. At each station, the fresh water profile was investigated at 25 cm 
intervals down to 4-5 m, and beyond this depth measurements were made at 1-5 m intervals. The 
conductivity measurements were transformed to percentages of river water by the method presented 
by Alasaarela (1976 b). The quantity of river water in the whole water column was then determined by 
interpolation. With the help of a dense horizontal network of measurements, the amount of river 
water could be calculated for the whole research area. 
The dispersal of waste waters in the sea area in winter was investigated organoleptically 
by examining the smell of the water samples, and by analyzing the samples for chemical parameters 
indicative of the influence of waste waters (liqnin, oxygen and COD). The iron concentration was 
found to be useful in distinguishing between the water masses of the different rivers. 
The hydrochemical analyses were made according to the methods employed by the National Board 
of Waters (Erkomaa & Mäkinen 1975). 
4. DISPERSAL OF THE RIVER WATERS IN WINTER 
In winter, the river waters form a layer on the surface. Owing to the low salinity of 
the water in the Bothnian Bay, the river water partly mixes with the sea water (cf. 
Ryhänen 1962). 
Mixing takes place throughout the areas where river and sea waters come into 
contact: horizontally at the margins of the river water area and vertically at the 
bottom of the river water layer. The horizontal mixing is stronger than the vertical 
mixing. 
The proportion of river water in the water layer immediately under the ice is 
over 90 % at a distance of 10-25 lem from the coast (Fig. 3). The thickness of the 
layer is 2-4 m at the mouth of the river, and decreases towards the open sea. The 
salinity gradient between Livet and sea water is most distinct near the river mouth. 
177 
~Ar 	i 	j r 1., 	
o--- 
.o 	:o > o 
I 
sp 
~ 
i 	p........... ......... 
p. 
J7 
', TAIL WiO 41LU01p , 
rJ 
LAprll 1976 August 1976  
Fig. 3. Percentage of river water in the 0—1 m water layer in April and 
August 1976. 
The stratification of river water at the surface begins immediately after the formation 
of the ice cover, and by April the river waters have spread over an area of 3 000--
4 000 km 2, covering the entire notheastern part of the Bothnian Bay (Fig. 2). 
In the sea area south of the waters from the Kemijoki, the total quantity of river 
water was calculated at 5.0 km3 in April 1975, 3.0 km3 in April 1976, and 4.3 km3 
in April 1977. The quantity of river water present in the sea area in April in 1975-
1977 was 20-40 % smaller than could be expected from the wintertime river 
discharge. This shows that part of the river water flows out of the study area, probably 
westward along the northern coast of the Bothnian Bay (cf. Palmen 1930). 
The dispersal of the river waters varied slightly between the study years. In 1975 
the water from the Iijoki spread northwest, while in 1976 and 1977 its direction was 
southwest and west. In the two later years the spread of the Kemijoki water seemed 
more southward directed than in the first year. The explanation may lie in differences 
in the relative quantities of the river waters. Compared with that of the Kemijoki, 
the discharge of the Oulujoki was relatively much greater in winter 1975 than in 1976 
or 1977. The inflow of the Oulujoki water in 1975 forced the lijoki water to spread 
northwest, but in 1976 and 1977 the inflow of the Kemijoki water was much greater 
than that of the Oulujoki, and the water from the lijoki consequently spread mostly 
southwest. 
5. DISPERSAL OF THE RIVER WATERS III SUMMER 
After the break-up of the ice, the surface layer, consisting of river water, is subject 
to the action of the wind. Two effects can be distinguished: mixing and transporting 
(Lisitzin 1946). 
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The mixing effect of the wind can be seen in Fig 3. In winter, the proportion of 
river water in the surface layer is greater than that of sea water over a large area 
outside the river mouth. In summer the corresponding area is limited to the 
mouth. 
In 1976, the river water masses left the area off Oulu as a large, uniform, float-
like formation, whereupon saline water rose to the surface immediately outside the 
town of Oulu (Alasaarela 1977 a). In June, transportation of the river water masses 
was observable as far as the central part of the Bothnian Bay. By that time, the water 
was thermally stratified and the water was mixing only in the surface of the water 
column (0-10 m). 
The river water accumulated over the winter remained longer in the coastal area 
in 1977 than in 1976, and the amount of river water in the coastal area was clearly 
greater throughout the summer in 1977 (Fig. 4). The total quantity of river water 
south of the mouth of the Kemijoki in early August was 1.3 km,  in 1976 and 3.0 km' 
in 1977. The difference was probably due to the differences in stream discharge 
and the wind conditions in early summer. 
In summer, the thermocline occurs at a depth of 15-20 m in the central part 
of the Bothnian Bay. The average water depth of the coastal area 10 15 m, and 
the waters are generally mixed down to the bottom. Not was any clear thermal strati-
fication noted in the restricted deeper parts of the coastal area, with depths of 30-
50 m. Cold »\vinter water» was still found near the bottom in June, but in July and 
August the temperature of the bottom layer was higher and the salinity values showed 
that mixing had taken place. 
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6. DISPERSAL AND DILUTION OF WASTE WATERS 
The dispersal and dilution of waste waters depends on the location of the place of 
discharge. The waste waters of Oulu mostly mix with river water before entering 
the sea. They are thus diluted and spread in to the sea area mainly along with 
the river water. At Kemi and Tornio, the industrial waste waters are released directly 
into the sea, and their dispersal and dilution are therefore different. At Tornio, the 
waste-water outfall lies at the boundary between the areas influenced by the Kemi-
joki and Tornionjoki, where eddies and counter-currents promote the dilution of the 
waste water (Alasaarela & Antila 1977). At Kemi, the waste waters are released into 
an area protected by islands south of the Kemijoki mouth and into a partly closed 
inlet. They are therefore not diluted so effectively as the waste waters at Tornio 
and Oulu. 
The dispersal and dilution of waste water differs in summer and winter. The 
mixing effect of the wind is eliminated in winter and the coastal waters are stratified. 
At Kemi, at least part of the waste water form a layer between the river and sea water 
(Meskus et al. 1977). In winters 1976 and 1977, part of the waste waters spread in 
the form of »floats» (Fig. 2). A fairly large float of waste water was observed as fat 
away as at Krunnit in April 1977 and another near Kenii in April 1976. The floats 
were characterized by the strong smell of the waste waters of the wood-processing 
industry and a low oxygen content. In 1976, float-like formations were also observed 
in the sea off Oulu, but the smell of wood-processing effluents was less marked 
and then oxygen values were normal. 
Closed inlets are very unsuitable for the release of waste waters. They generally 
have a limited exchange of water, which leads to comulative pollution. The waste 
waters of the wood-processing industry at Kemi apparently accumulate near the 
outfall in winter and, when the water level alters leave the area as a float-like forma-
tion, drifting southwards. In summer the waste waters are diluted more effectively 
than in winter and no waste-water floats have been observed. 
7. INFLUENCE OF RIVER AND WASTE WATERS 
The river and waste waters cause biological and chemical changes in the water of 
the Bothnian Bay. Their effect is naturally greatest in the release area, decreasing 
seawards through the processes of dilution and self-purification. 
In the north of the Bothnian Bay, the amount of nutrients and oxygen-consuming 
substances contributed by the rivers is greater than the waste-water loading (Dahlin 
1976, Ahl & Oden 1972, Engwall 1972). 
As regards nutrients, it is important to note whether they are in a form available 
to primary producers (Voipio 1976). In river water the nutrients are largely bound 
organically and cannot be directly utilized by phytoplankton. The waste waters are 
more likely to stimulate primary production. 
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The greatest nutrient load wad observed in the area off Oulu. The peak of the 
loading occurred towards the beginning of the 1970s, when blooms of blue-green 
algae were noted (Myllymaa 1974, 1976). Owing to improved waste-water treatment, 
the nitrogen loading from Oulu has decreased by more than 60 % during this decade, 
and the phosphorus loading by over 80 %. In 1974-1977, the abundance of the 
algal species Oscallitaria ngardhii was only 1-5 % of the values in 1969-1970 (Ala-
saarela & Salmela 1977). 
The amount of nitrate nitrogen present in river water is smaller than in sea water, 
but the ratio of phosphate phosphorus is opposite. The early summer maximum of 
primary production, increased by the phosphorus supplied by the river water, 
exhausts the nitrate in the coastal area (Alasaatela 1978). 
The load of oxygen-consuming substances imposed by the waste waters is greatest 
off Kemi. However, owing to the oxygen taken up at the water surface and contributed 
by primary production, the oxygen conditions of the coastal waters are good in 
summer. In winter the waste waters accumulate by the outfall and may drift out to 
sea as a »float». The oxygen content of these bodies of waste water is low. Near the 
point of release, the oxygen content is lowest in the lower part of the river water layer, 
into which the waste waters disperse. Deeper down, more marine conditions generally 
prevail and the oxygen is sufficient. 
Although the nutrients in the river and waste waters tend to increase primary 
production in the sea the humus present in the river water impairs the illumination 
of the coastal waters and reduces the thickness of the cuphotic layer. 
The bioaccumulative toxicants mercury, DDT and PCB have been found in 
organisms at least locally in the north of the Bothnian Bay (Lind & Hanski 1977, 
Helle 1976). Since the release of mercury has been reduced (Myllymaa 1976), the 
mercury content of the fish and bottom bauna off Oulu has clearly declined (Lind-
gren 1977, Lind & Hanski 1977). But some mercury is still introduced by the river 
water and the aquatic organisms are not entirely free from it (Lind & Hanski 1977). 
8. SUMMARY 
The report deals with the dispersal, dilution and influence of river and waste waters 
in the northeastern part of the Bothnian Bay between Tauvo and Seskarö in 1975-
1977. 
The river water spreads over a remarkably large area. It is rich in humus. In 
addition to the substances discharged by the rivers, the sea receives the wastes of 
the urban population and industries on the coast. 
Salinity stratification was evident only in winter, when the river water formed a 
layer 1-4 m thick at the sea surface. Some mixing of river and sea water takes place 
even in winter: in the lower part of the river water layer and at the margins of the 
river water area. 
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The directions in which the river water flowed in the sea varied slightly between 
the three study years. This appeared to be at least partly due to changes in the relative 
amounts of the water discharged by the different rivers. 
The dispersal of the waste waters depends on the place of release. At Oulu, the 
waste waters are mostly mixed with river water and transported along with it. The 
waste waters at Kemi are not diluted equally effectively in winter, because they are 
released off the main route of river water flow. In the absence of mixing, the waste 
waters remain, at least partly, between the river and sea water, as might be expected 
from their specific gravity. The waste waters accumulate in the release area and, 
when conditions permit, may drift out to the sea as a float-like formation. The waste 
water accumulations have a high lignin content and low oxygen level. 
In summer, the water masses are mixed by the wind, and the proportion of river 
water in the surface water is smaller than winter, while the proportion near the bottom 
is greater than in winter. The wastes are also mixed and diluted much more effectively 
in summer than in winter. Algal production does not increase to a level likely to 
disturb the ecosystem, because the river waters provide relatively little nutrients 
directly available to primary producers. 
In the study area the quantity of river water is greatest and the rate of mixing 
lowest in late winter. The area over which the river water spreads is largest in early 
summer, when the river waters accumulated during the winter begin to mix with 
sea water and drift out to sea. The dilution of waste waters is poorest in \vinter, and 
their most distinct adverse effect is reduction of the oxygen content. 
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THE STATE OF THE SEA OFF KOKKOLA AND PIETAR-
SAARI (BOTHNIAN BAY) 
Sinikka Jokinen 
National Board of Waters 
Water District Office of Kokkola 
P. O. Box 96, SF-67101 Kokkola 10 
Finland 
The sea area off Kokkola is loaded by the factories of Outokumpu Oy and 
Kemira Oy and the municipal waste waters from Kokkola. The wastes of Outo-
kumpu Oy contain solid substances, nitrogen, iron and a great variety of heavy 
metals. The waste waters of Kemira Oy contain some of these components, 
though in considerably smaller quantities. 
The coast of Kokkola is open, and the distribution of waste waters varies 
depending on winds and other factors. Near the point of waste discharge, the 
bottom is characterized by reduced iron compounds and high concentrations of 
heavy metals. The bottom fauna is disturbed as far as 8 km from the point of 
dischasge. Owing to discharge by Outokumpu Oy, nitrogen concentration in 
the sea water off Kokkola is high. Since phosphorus limits primary production, 
the high nitrogen concentrations have not resulted in detrimentally excessive 
growth. The increased phytoplankton production is limited to the immediate 
vicinity of the industries and the area affected by the waste waters of the town. 
The sea off Pietarsaari is loaded by waste waters from the timber industries 
of Oy Wilh. Schauman Ab and the municipal waste water of Pietarsaari. The 
state of the sea off Pietarsaari has deteriorated considerably since the 1950's. The 
polluted area is largest during the ice icebound period, when a highly polluted 
surface water layer 1 to 3 metres thick extends as far as 13 km from the point of 
discharge. Despite the reduction in load in 1976-1977, eutrophication con-
tinues to be exessive and the polluted area has grown. The basins at Kallan and 
Oren, which were still unpolluted at the beginning of the 1970's, now show 
signs of pollution. Growth has become notably excessive in the area between 
these basins and the mainland. 
1. THE SEA OFF KOKKOLA 
1.1. WASTE WATER LOAD 
The sea off Kokkola is loaded by waste waters discharged from the plants of Outo-
kumpu Oy and Kemira Oy into the Ykspihlaja Bay, and by waste waters discharged 
from the town into Hopeakivenlahti Bay. Table 1. Shows the main components in 
the loading from Outokumpu Oy in 1972-1976. 
IL 
TABLE 1. Waste water discharged by the factories of Outokumpu Oy in 1972-1976 
Dis- 	susp. 	Fe 	As 	Zn 	Ni 	Co 	Hg 	Cs 	t 	Cr 	Cd 	'lotal 
charge 	solids N 
nt t /d 	ton/sa tolls/a tons/a tons/a tons/a tons/a tons/a tons/a lons/a ks/a kg/a tons/a 
1972 79 000 612 1 488 5.6 468 12.0 34.8 3.34 2.5 288 1 512 
1973 113 000 720 1 500 6.4 100 37.2 66.0 3.04 3.6 	20.4 408 	252 3 432 
1974 80 566 456 917 4.2 89 28.8 49.2 6.6 9.5 	15.6 166 	226 1 668 
1975 91 500 252 1 044 2.2 120 20.4 43.2 4.44 4.8 	17.4 108 	420 888 
1976 95 000 240 1 176 2.3 84 13.2 27.6 5.10 4.2 341 648 
1977 61 000 267 685 0.9 80 16.2 32.2 2.15 9.4 310 472 
The loading factors affecting particularly the state of the bottom include iron and 
solid substances. In addition, the waste waters contain a great variety of heavy metals. 
Outokumpu Oy discharges the greatest amounts of cadmium, arsenic and zinc of 
any plant on the Finnish coast of the Gulf of Bothnia. The iron load discharged by 
the Outokumpu plants is the greatest on the Finnish coast of the Bothnian Bay. 
Nitrogen discharges have decreased since 1972, but the loading is still the greatest 
on the Finnish coast (Niemi, 1977). 
Some of the components in the waste waters of Kemira Oy (Table 2) are the 
same as in the waste waters of Outokumpu Oy, though in much smaller quantities. 
Most of the mercury comes from the plants of Kemira Oy. 
TABLE 2. Waste water discharged by the factories of Kemira Oy in 1972-1977. 
\'czr 
Dis- 
charge 
m'/d 
Sup. 
solids 
tons/a 
Total N 
tons/a 
Total P 
tons/a 
P 
tons/a 
Fe 
tass/a 
Hg 
kg/n 
Cd 
kg/a 
1972 	..... 112 000 297 142 5.6 70.8 26.7 36.5 25.6 
1973 	..... 102 000 259 128 3.5 40.5 18.3 102.2 20.1 
1974 	..... 99 426 218 99 3.8 10.0 56.4 40.2 21.9 
1975 	..... 103 000 246 62 4.2 10.4 73.0 49.6 
1976 	..... 114 709 299 46 3.1 14.5 62.8 18.3 
1977 	..... 105 700 288 44 4.1 23.2 72.3 14.6 
The nutrient and BOD loads from the town of Kokkola have markedly decreased 
since the end of 1975, when a new purification plant went into operation on the 
principle of direct precipitation (Table 3). 
TABLE 3. Sewage discharged by the town of Kokkola in 1972-1977. 
Y 	
Discharge 	 BOD 	 Total P 	 Total N 
ear 
m'/d tons/a tons/fl tons/a 
1972 	........................ 10 000 900 30 120 
1973 	........................ 10 500 950 31 125 
1974 	........................ 11 000 1 000 32.5 130 
1975 	........................ 11 500 1 050 34.0 130 
1976 	........................ 12500 338 1.4 129 
1977 	........................ 13 800 334 3.1 139 
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Fig. 1. Discharge points of effluents, sampling stations of water (o) and 
sampling stations of sediment (o). 
1.2. QUALITY OF WATER 
The sampling points used in investigating the quality of water and sediment off 
Kokkola are shown in Fig. 1. 
The area affected by waste water in an open coastal area like that off Kokkola is 
not readily studied by physicochemical sampling because the transportation of waste 
waters varies considerably within a short period. 
The nitrogen load in the sea area off Kokkola is considerable owing to the waste 
waters of Outokumpu Oy. According to Niemi (1977), very high nitrogen con-
centrations have been recorded in Ykspihlaja Bay, Kaustarviken Bay and IIopea-
kivenlahti Bay (maximum 9.5 mg/l). Nitrogen loading is still marked at a distance 
of 8 km from the point of discharge. It is not until as far off as Tankkari that the 
concentrations are more or less at a natural level. 
The total phosphorus concentrations are greatest in the area affected by municipal 
waste waters at points I and G and in Kaustarviken. Somewhat elevated concentra-
tions were also recorded off the points of discharge of Kemira and Outokumpu. 
The oxygen-reducing effect of waste waters can be traced as far as Perandön, 
where the oxygen saturation of the whole water column in winter 1974 was 61-63%. 
Detrimentally low or high pH values have also been noted (3.9-9.3), but they 
have been restricted to the immediate vicinity of the points of discharge. 
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1.3. HEAVY METALS IN SEDIMENTS 
According to Niemi (1977), the bottom polluted by mercury extends as far as Perand-
ön, and the maximum concentration is 1.70 mg/kg. The average content of un-
polluted sediments off Finnish coasts is about 0.05 mg/kg dry weight (Häsänen 1973). 
Likewise, enhanced concentrations of cadmium, zinc and nickel have been noted 
as far off as Perandön. The influence of Outokumpu Oy is indicated by arsenic 
concentrations as far as 8 km from the point of discharge. 
1.4. BIOLOGICAL INDICATION OF POLLUTION 
Determinations of phytoplankton and primary production capacity indicate that 
Kaustarviken is clearly more eutrophicated than other areas. The growth is some-
what enhanced in the vicinity of industries. 
The bottom and bottom fauna are uniformly badly polluted for about 3 km 
beyond Ykspihlaja Bay. The bottom is covered by black sulphide ooze overlain by 
sedimented iron compounds. 
Oligochaetes are the dominant bottom animals (Fig. 2); they occur in large num-
bers and constitute abundant biomasses. From Ykspihlaja Bay towards the open sea, 
the number and proportion of oligochaetes decrease, while those of Poutoporeia 
minis increase. At a distance of about 7-8 km the number of Pôirtoporeia affiiiis is 
normal, although waste water influence is still reflected in the relatively high fre-
yuencies of oligochaetes. 
Likewise, heavy metal concentrations (Hg, Cu, Zn) in ttilesidotea entomoa are higher 
off Kokkola than in clean areas (Niemi, 1977). 
2. THE SEA OFF PIETARSAARI 
2.1. GENERAL DESCRIPTION 
The sea area off Pietarsaari includes both archipelago and open sea. It extends in an 
east — west direction for about 8 km and in a north — south direction for nearly 
30 km. The topography of the sea bottom is characterized by large, regular shallows 
and oval- shaped deeper basins. A single long basin stretches from Alholm past 
Kallan out to the open sea. According to the marine — geological map of the Geo-
logical Survey, Helsinki, the bottom layers consists largely of moraine. 
The water in the deep basin starting at Alholm and passing Kallan hardly changes 
except during the autumnal turn-over. The exchange of deep water is most effective 
in January March, when the entire mass of water from a depth of 3-6 m down-
wards appears to be replaced. 
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2.2. WASTE WATER LOAD 
The sea area off Pietarsaari is loaded by waste waters from the pulp and paper indus -
tries of Oy Wilh. Schauman Ab and the municipal waste waters of Pietarsaari. Ac-
cording to the findings of surveillance over the state of the sea area by Oy Willi. 
Schauman Ab, the load in 1969-1977 was: 
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1'car 
Solids 
ks/d 
BOD, 
kgO_Jd 
Total N 
kg/d 
Tots! P 
kg/si 
1969 	........................ 8 700 45 000 
1970 	........................ 15 000 50 000 
1971 	........................ 21 000 54 000 575 87 
1972 	........................ 15 500 44 000 474 33 
1973 	........................ 10 000 50 000 
1974 	........................ 8 600 45 000 
1975 	........................ 9 800 52 000 559 72 
1976 	........................ 9 900 37 000 541 60 
1977 	........................ 7 200 27 000 411 68 
The sulphite plant of the company functioned from 1935 to 1976, and the sulphate 
cellulose and paper plant event into operation in 1962. The waste waters of the plants 
are discharged off the Alholrn peninsula (Fig. 3). 
According to the findings of the obligatory control investigations, the loading 
by the town of Pietarsaari in 1971-1977 was: 
SOD, 	'rots! N 	Total P 
Year 	
kgO_Jd kg/d kg/d 
1971 	.................... 944 192 22 
1972 	.................... 462 226 22 
1973 	.................... 1 293 218 17 
1974 	.................... 610 129 17 
1975 	.................... 990 265 55 
1976 	.................... 1 145 226 60 
1977 	.................... 989 256 46 
The purification plant of the town is an active sludge unit; it started up in 1938 and 
was enlarged in 1968. The waste waters from the town were discharged to the end 
of Alholm Bay until 1976, when the discharge site was moved farther north (Fig. 3). 
2.3. THE STATE OF THE AREA IN THE 1950'S AND EARLY 1970'S 
The state of the sea before the sulphate cellulose plant went into operation was inves-
tigated by Cajander (1956 and 1960) and Jakobstads Cellulosa Ab (1956). According 
to these reports, the total extent of the polluted area in the 1950's was about 2 1:m2 . 
The next investigation yvas made in 1971 by Oy Keskuslaboratorio Ab. Summa-
rized, the study yields the following conclusions. 
In winter, the waste waters spread over a large area in the surface layer underlying 
the ice, even beyond the archipelago. Even so, there is no mixing with clean brackish 
water. The surface layer of 1-3 m was completely devoid of oxygen at some places 
in winter as far out as Mässkär and Ören. 
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Fig. 3. Discharge points of effluents and observation lines off Pictarsasri. 
During the ice-free season, particularly in late summer and autumn, mixing took 
place in the archipelago as well; the waste waters mixed with the water mass above 
the thermocline or, in the absence of a thermocline, often even deeper down. The 
values of chemical oxygen demand showed that, in \vinter waste water occurs in 
the surface layer beyond Kallan. The values were lower in summer, but they still 
clearly indicated waste water in the surface layer. Compared with the normal values 
for the Bothnian Bay (7.8-8.0), also the pH values were low in the surface water 
layer of 1-5 m, particularly in winter (pH 6.0-7.5). 
The bottom fauna within Alholmsfjätden—Adöfjiirden-Miisslcär and in the basin 
between Ådön and Alggrundet differed greatly from populations living in unpolluted 
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areas. Species indicating pollution of the bottom and deep water (e.g. C1il•a.iomss 
phaliosns and Euil'odrilus bawlvonieiisis) showed abnormally large bio masses. The ab-
sence of bottom fauna due to a deficiency of oxygen was noted near industries; a 
similar absence at Alholmsfjärden was probably also due to lack of oxygen. 
Species indicating clean or nearly clean water (Porstoporeia anis, Allesidolea en/oil/on 
and tMlacolua ball/ca) only appeared in the basins of the Ören and Kallan area, where 
the benthos was nearly normal for the Bothnian Bay. 
Fiber from the pulp industry yvas noted in the sediment at Kallan in the west, 
and around Tolvmansgtunden in the north. Sonfe fiber also drifted around the prom-
ontories of Alholm and Ådön. The pollution of the basin west of Ådön is due to the 
fibrous oxygen-deficient bottom. 
2.4. CHANGES IN 1972-1977 
Information on changes in 1972-1977 is based on obligatory control investigations 
carried out by Oy Wilh. Schauman Ab. The biological samples were taken once in 
the summer from the lines A and B shown in Fig. 3. 
Physical and chemical analyses show no permanent changes in the quality of the 
water in the 1970's. There is, however, a considerable variation between the chemical 
properties of water during operational periods and pauses at the factory. In the 1970's 
the abundance of bottom fauna increased throughout the research area. The biomass 
values and the number of individuals were greatest north and east of the Adön penin-
sula. The dominant groups of animals were chironomids and oligochaetes. In the 
Mässkär area the number of bottom animals increased regularly, whereas the number 
of species decreased. In 1977, oligochaetes constituted a highly dominant group; 
the only other group found were chironomids. 
Changes indicating increasing pollution were noted as far off as Kallan. Here, 
too, oligochaetes were the dominant bottom animals. Only a small portion of the 
total bottom fauna consisted of species more sensitive to pollution. A distinct rise 
in production was also noted at the northernmost stations, »iz, in the strait between 
Ören and Hälsingen and in the eastern parts of Hälsingen. The values for primary 
production capacity and phytoplankton production also began to rise in the 1970's. 
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THE NUTRIENT CONTENTS OFF THE COAST OF 
FINLAND IN THE NORTHERN BOTHNIAN BAY 
Pertti Sevola 
National Board of Waters 
Water District Office of Vaasa 
P. O. Box 262, SF-65101 Vaasa 10, Finland 
The quality of water of observed in the Quark area of the Gulf of Bothnia at 56 
stations situated on eight lines from the coast to the sea. Eight rivers, with 
discharges varying on a large scale, drain into the study area. The annual 
nutrient load from the rivers, and domestic and industrial waste waters in 250 to 
270 tons of phosphorus and 2 700 tons of nitrogen. The load has clearly effected 
the quality of the sea water at observation points near the coast. At the outermost 
stations, however, the quality of water depends on the quality of the water body 
in the Gulf of Bothnia as a whole. 
INTRODUCTION 
Regular control of the quality of water in the coastal waters off southern Ostro-
bothnia was started effectively in the 1970. Earlier data exist only on some polluted 
areas and estuaries. 
The aim of the sampling station net, completed in 1975-77, is to conduct regular 
observations at least twice a year: in late winter and late summer. This net includes 
56 water sample stations in the sea district from Kristiinankaupunlci to Nykarleby, 
consisting of lines from coast to sea and continuing as US- and F-lines to the coast 
of Sweden. 
The parameters determined are: transparence temperature, oxygen content, tur-
bidity, solid substances, electric conductivity, pI-I, colour, Tot N, Tot P, Fe, ligno-
sulphate, chlorophyll a, salinity, SiO2, org C and phytoplanlcton (0-5 m mixed 
samples). The samples of sea water were taken and analysed according to the stand-
ard methods of the National Boark of waters, Finland and the Institute of Marine 
Research, Finland. In summer Institute of Marine Research took samples at the US 
and F stations. Other samples were taken by the Water District Office of Vaasa and 
determined at the laboratories of the National Board of Waters and the Water District 
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Fig. 1. Sampling lines and 
stations. 
Office. This paper describes studies on Tot P, Tot N, colour, electric conductivity 
and transparency conducted on the coast and at eight off-shore lines (Fig. 1); the 
total number of sample-collecting stations was 42. 
THE RESEARCH AREA AND ITS NUTRIENT LOAD FROM THE 
MAINLAND 
The research area (Fig. 1) covers the Finnish coastal waters of the northern Bothnian 
Sea, the Quark archipelago and the geographical areas of the southern Bothnian Bay. 
The waters are shallow; with the exception of the F- and US-stations, the depth 
at the sampling stations is generally less than 20 m and in a number of them even 
less than 10 m. The change of water is generally good on the coast with few islands. 
Exceptions are formerly open seas bordered by islands, such as the Bergöfjärden 
area, a few of the bays and the belt of islands around the Quark and the estuary of 
the Kyrö River. 
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TABLE 1. The discharges of the rivers of Southern Ostrobothnia, Finland 
Drein- 
a 	Lnkc 	 Discharge m'/s 
Ricer b.uin 	aca per- HQ 1/20 	MHQ 	\IQ 	MNQ 	NQ 1/20 
ccntogc 
km' 	 m'fs ms/s msfs m'/s majs 
Lapvtiirtinjoki 	...... 1112 0.2 206 111 10.0 0.9 0.4 
Teuvanjoki 	......... 530 0.1 65 42 4.1 0.2 0.05 
Närpiönjoki 	........ 996 1.0 139 74 7.9 0.4 0.1 
Petola17denjoki 	...... 94 0.1 18 11 0.7 0.05 0.02 
Maalandenjoki 	...... 494 0.1 93 58 3.9 0.3 0.02 
Laihianjolci 	......... 506 0.0 82 40 4.0 0.4 0.2 
Kyrönjoki 	.......... 4 920 0.9 482 323 43.0 3.4 1.0 
Vöyrinjoki 	......... 225 0.0 37 18 1.8 0.1 - 
Otavaistenjoki 	...... 202 2.6 32 20 1.9 0.2 0.00 
9 079 1 154 697 77.3 5.95 1.85 
The rivers draining into this sea area are the Lapväärtti, Teuva, Närpiö, Peto-
lahti, Maalahti and Laihia in the Bothnian Sea district to the south of the Quark, 
and the Kyrö, Oravais and Vöyri to the north of the Quark (Table 1). 
These rivers are characterized by a low percentage of lakes, and hence by great 
seasonal changes in discharge and water quality. The total watershed area of these 
rivers in the research area is 9 079 lcm2. Sixty per cent of these watercourses flow 
to the northern Quark. The most important river is the Kyrö, the drainage area of 
which is 54 per cent of all the rivers mentioned. Of the total flow of all these rivers, 
the discharge of the Kyrö is 56 per cent of the -NIQ, about 46 per cent of the MHQ 
and 57 per cent of the NINQ. 
The quantities of the substances carried by the rivers have been studied by Wartio-
vaara (1975), According to him, the total flow of nitrogen in the Lapväärtti River 
is 260 kg/km2a and the total flow of phosphorus 23 kg/km2a. In the Kyrö the corre-
sponding values are 300 for nitrogen and 23 for phosphorus. Estimation on the 
basis of these values and on the average annual values for the whole country (P tot 
15 kg/km2 and N tot 200 kg/km2) given by Wartiovaara gives 2 379 ton Nia and 
166 ton P/a as the amounts of substances carried by the rivers in the research area. 
The National Board of Waters (Vesihallitus 1978) has calculated that the phosphorus 
charge from the rivers is 181 ton P/a. 
Statistics for 1975 show that eight densely populated regions on the coast were 
served by a public sewer system. Still without public sewer systems by 1975 were 
Malcsamaa, Korsnäs, Björköby, Raippaluoto, Bergö and Siipyy. The sewer systems 
affected 54 500 inhabitants or some 70 per cent of the total population. The only 
sewage plants built by then were in the town of Vaasa and at Sepänkylä and Sulva 
in the commune of Mustasaari. The largest industrial plants, the water of which was 
generally led to the sea without purifying, were all in Vaasa. 
In 1975 the nutrient load of municipal waste waters was estimated at 55 ton P/a 
and 230 ton N/a. The corresponding values for industrial waste waters were 105 
25 1278020337 
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tons N/a and 30 ton P/a (Vesihallitus 1978). The figures do not include Metsä -
Botnia Pulp at Kaskinen, a mill that started up in July 1977. The analytical data on 
water given here were collected before the influence of the waste water of this factory 
was felt. In September—October the average load from Metsäbotnia Pulp was 40 kg 
P/d and 136 kg N/d; when the factory was at full capacity, the load was 100 kg 
P/d and 400 kg N/d. 
The most heavily loaded areas in this sea area are off Vaasa and the river estuaries. 
Because of the great fluctuations in water flow, the load carried by the rivers is con-
centrated in short overflow periods. The main discharge (50 per cent) is in the early 
spring (April—May), when it reaches the sea area in about 45 days. The load from 
the waste waters is divided more evenly throughout the year. The nutrient load 
affecting the coast of the research area extends mainly to the region of the Quark 
and to the coastal area from Vaasa northwards. 
Closed bays are typically affected by fresh water. This results in reduced salinity 
and electric conductivity, increased nutrient contents, and often decreased oxygen 
content. The lower parts of the rivers flow through the sulphureous sulphide lands 
that developed during the Baltic Lithorine Phase. Oxidized sulphate dissolves abun-
dantly during the spring and autumn floods. Kaijalainen (1972) has estimated the 
sulphate flow of the Kyrö at 68 600 ton/a. The acid flood waters reduce the pH-
values in the estuaries, particularly in the areas where the mixing of water is slight. 
For example in the estuary of the Kyrö, acid flood waters fill the adjacent sea area 
and stratify above the dense sea water in the deeper areas. This may result in fish 
deaths in bays and estuaries. In spring 1977 the acid water killed and drove away 
fish, and harmed fishing over some 300-km2 in the sea area off the Kyrö estuary. 
RESULTS AND DISCUSSION 
The results are presented in Table 2. The data consist of the mean values and the 
standard deviations in the total nitrogen- and phosphorus contents (/eg/1), of the 
colour of the water (mg Pt/1) and of the electric conductivity (i ;mS/m) and trans-
parency (din) at the stations along the eight off-shore lines. 
The nutrient contents in the surface water are highest at stations near estuaries 
and towns. The nutrient quantities in the off-shore waters at Vaasa and in the Kyrö 
estuary differ clearly from those in the other areas (lines I—IV. The load on the 
coastal zone is conspicuous at the mainland ends of all the lines. The load carried 
by the Oravais River affects the head of Line I. Line II is mainly loaded by the Kyrö, 
which affects also the stations e.g. Vinbärsgrund, at the far end of Line I. The direct 
effect of the Kyrö ranges as far as the Mikkeli islands. Klobbkatströmmen, the station 
on Line III and IV, is located in the Raippaluoto belt of islands and the quality of 
its water is affected by the waters from Klobbfjärden, where the quality of water 
differs from that of the surrounding marine region. Also the Revifjärden station 
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TABLE 2. Quality of water (means and standard deviations). The notation b-1 to means the depth 
1 m above bottom. 
Linc Station 
Depth 
m 
Tot N 
•ug/d m' 
C 	 s 
Tot P 
F!S/d m' 
C 	s 
Colour 
rtig PtJsm3 
C 	s 
Transpercncy 
dm 
C 	s 
Conductivity z 25 ms/m. - 
I 1. 1 m 910 723.4 30 13.2 38.3 30.1 11 4.6 510 183.3 
2. 1 m 836.7 372.9 24 18.3 21.7 20.2 25 9.2 580 79.4 
b-1 m 400 141.4 16.5 4.9 17.5 10.6 640 42.4 
3. 1 	ni 705 600.6 16.0 2.7 26.3 20.2 30 9.8 577.5 151.3 
b-1 m 370 239.3 14.8 4.3 13.8 4.8 680 16.3 
4. 1 m 535 251.6 18.0 5.6 13.8 7.5 48 8,8 655 47.1 
b-1 m 373.5 314.3 13.4 12 19.5 13,8 677.5 44 
5. 1 to 333.3 174.5 10.3 3.2 12.7 2.5 52 9.8 683.3 25.2 
b-1 m 220 98.5 11.3 3.2 10 0 713.3 32.2 
II 	1. 1 	in 1114.6 582.3 79.3 103.6 122.7 42.9 10.7 3.7 235.7 154.8 
b-1 m 690.7 324.2 27.9 16.6 43.0 18.7 554.8 64.5 
2. 1 to 836.7 929.3 27.8 16 57.2 50 16.7 8.9 384.2 261.9 
b-1 to 400 270.6 18.3 5.1 17.8 10.9 684.4 46.1 
3. 1 	in 690 367.7 37.7 30 60 40 9.0 - 430 236.4 
b-I m 265 92 19.3 7.5 13.3 2.9 723.3 49.3 
4. 1 m 200 - 13 - 10 -- - - 700 - 
b-1 m 110 - 11 - 10 - 700 - 
III 	1. 1 m 1180.6 1000.2 42.8 53.3 18.8 18.1 12.7 5.6 523.5 193.3 
2. 1 	in 495,5 526 24.2 7.6 9.4 2,6 26.6 11.7 731.1 99.9 
b-1 in 458.9 390.7 23.7 4.6 9.3 1.8 801.1 68.8 
3. 1 m 506.7 376 28.5 25.3 9 1.4 30.8 14.8 737.8 99.8 
b-1 	in 600 512.6 20.2 2.6 15 12.4 746.5 117 
4. 1 m 300 141.4 11.5 3.5 12.5 3.5 - - 800 98.9 
b-i m 385 304.1 11 2.8 12.5 3.5 920 56.6 
5. 1 m 400 200 10.3 4.6 16 1.4 56 - 756.7 80.8 
b-1 m 563,3 319.7 14 2.7 15 0 840 52.9 
6. 1 m 346.3 114.5 11.1 2.5 12.9 2.7 49.5 19.1 753.8 67.2 
b-1 m 448.8 223 14.3 4.9 13.1 4.2 803.8 68.2 
7. 1 m 432 104.7 14 4.9 15.3 7.8 32.5 3.5 708.3 24 
b-1 m 483.3 76.4 13.3 2.9 11.7 2.9 718.3 27.5 
8. 1 m 563.3 268.5 17.3 6.3 19.6 13.1 23.5 2.1 823 39.3 
iv 5. 1 m 563.3 268.5 17.3 6.3 19.5 13.1 23.5 2.1 823 39.3 
6. 1 m 348 96.5 11 1.4 10 0 40.4 21.2 792 74.6 
b-I m 354 111.7 13.4 1.8 9 2.2 910 92.7 
7. 1 m 295 264 17.3 7.3 10.9 4.6 87.5 18.5 714.3 94.1 
b-1 m 248 190 21.2 9.5 11.6 5.4 898.6 55.5 
V 1. 1 m 836 325 50.7 47.8 82.3 70.2 13 7.0 643.5 255.8 
2. 1 to 627.8 298.4 22.4 18.1 23.3 17.6 31 10.3 841 122.2 
b-1 m 515.6 299.1 18.4 12.8 15.7 5.5 925 50.8 
3. 1 to 635 355.3 16 11.9 14.3 4.4 38 11.5 847 92.9 
b-1 m 515 276.6 18.6 9.6 13.7 4 931 94.7 
4. 1 	in 325 64.6 13.8 2.5 9.5 3.3 50 13.1 952.5 46.5 
b-1 	ni 462.5 125 14.3 4.4 9,5 3.3 971.3 49.1 
5. 1 m 425 155.5 14.3 4.4 9.5 3,3 52 18 920 40 
b-1 m 462 125 16.7 2.9 14.3 3 1050 36.1 
VI 1. 1 m 600 - 25 - 15 - 25 - 870 - 
b-1 in 800 - 15 - 5 -- 860 - 
2. 1 m 200 - 14 - 10 - 44 - - 
b-1 m 260 - 14 - 10 
3. 1 m 225.4 153.5 20.8 16.9 10.5 4.9 66 5.3 997.5 63.4 
b-1 m 211.5 107.8 22.8 15 10 4.1 1022.5 28.7 
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TABLE 2. (cont.) 
Line Station 	 Tot N 	 Tot P 	 Colour 	Trnnsperency 	Conductivity 
	
Depth pg/dm~ pgJdm' mg Ptjdm~ dm 	 ,, 25 mS/m 
rn 	
- 
	 s 	i 	s 	
- 
 
191.5 115 14.1 7.8 10.5 4.9 65 7.1 992.5 72.7 
201.5 105.7 24.3 10.5 10.5 4.9 1026.3 24.4 
159.3 65 20.6 13.7 6.7 2.9 78 10.6 1003.3 5.8 
207.3 118.9 81.2 50.7 10 5 1 120 26.5 
564.9 184.5 16 7 27.8 25.5 22.3 10.9 866.7 161.2 
527.6 135.1 16.3 4.3 19.7 15.4 948.6 78.3 
577.8 277.5 21.4 27 23.7 18.5 30.2 11.1 908 162.1 
547 116.8 13 16 17.7 10.4 996 72.3 
543 395.8 15.5 17.3 8.8 4.8 41.5 9.3 942.5 176.9 
490 225.4 9.8 2.6 8.8 2.5 1052.5 65 
405 11.2 17.9 7 11.4 6.6 44.4 13.4 986.7 37.8 
480 187 20.3 7,1 12.7 7.3 1 011.0 45.1 
387.5 157.2 16.1 8.6 14.6 9.8 56.5 16.3 961.3 80.1 
481.4 169.5 22.4 17.9 10.1 3.2 1002.5 39.2 
635.5 436.5 19.2 4.8 32.2 23.1 21.3 9.9 873 187,9 
367.8 87.2 17 2.2 15 5.6 1 016 50 
667.1 683.1 16.14 3.2 14 7.6 32.9 10.8 995.7 50.9 
408.6 190 17 5.1 12.7 8.1 1015.7 51.3 
438.6 164.5 15.7 4.3 13.1 5.1 40.9 11,9 954.3 154.7 
462.9 187.2 18.7 6.6 12.6 5.7 1037.1 45 
376 242.7 15 4.7 12.6 5.1 42.7 11.6 1 012 34.9 
274 115.2 12.6 2.8 13.6 5.7 1 026 40.9 
192,3 70.2 18.9 9.5 6.7 2.9 97.5 31.8 1 040 20 
221.1 75.5 82.4 40.2 11.7 11.5 1130 20 
4. lm 
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b-1 in 
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(Line III) is influence by the waters from the Raippaluoto islands. The stations of 
Line III and IV are mainly loaded by the municipal and industrial waste waters from 
Vaasa. These have brought about the variety in the quality of the water, which is 
reflected in the great standard deviation in the total nitrogen values. The island of 
Bergö divides Line V Österfjärden-Rönnskären into two parts. The nutrient con-
tents are notably higher in the continental part (stations 1-3) than in the seaward 
part. (stations 4-5). The change in the water in Bergöfjiirderi is clearly limited, and 
the zone is loaded by two small rivers with abundant nutrients, the Maalahti and the 
Petolahti. 
This area is also loaded by industrial and municipal waste waters including dis-
charges from a mink-food producer in the vicinity of the station Österfjirden. Owing 
to the waste-water discharge in this area, notable dissolved oxygen deficiences de-
velop, particularly towards the lake winter. In 1970-75 the oxygen saturation level 
at a depth of 1 m varied from 55 to 87 per cent, whereas at the sanne time in the 
area seaward of Bergö Island it was more than 90 %. 
On the line VI Fagerö -US 5 the minkfood factory discharging near the Fagerö 
station increases the nutrient contents at the station, especially the content of total 
nitrogen. The differences between the stations US 7 and US 5 are slight. On this 
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line the obvious effect of the charge from the coast is clearly limited to the Norrniis-
fjärden zone. No rivers run into this zone; the nearest noticeable river runs to the Kas-
kinen district in the south, and to Bergöfjärden in the north. Lines VII and VIII 
are located in the sea area off Kaskinen. The results reveal the quality of the water 
in the sea district before the sulphate mill went into operation. Since the summer of 
1977 it has been discharging its waste into this area. The Närpiö River the estuary 
of which is dammed as far as the fresh-water basin of Västerfjärden, and the sewage 
waters from the town of Kaskinen discharge into this sea area (6 kg P/d and 24 ko 
Nid). 
On various lines the electric conductivity of water reveals marked differences in 
the water quantities of the rivers in the district. The colour of the water, and still 
better, its transparency at different stations, may well be used as an expression of 
»the coastal effect». 
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THE LOAD AND QUALITY IN THE COASTAL WATERS 
OF THE ARCHIPELAGO SEA AND THE SOUTHERN 
BOT NIAN SEA 
Ilkka Isotalo and Kauko HbkkiliI 
Water District Office of Turku 
P. O. Box 47, SF-20801 Turku 80, Finland 
The coastal waters in Southwest Finland have been divided into six subareas 
and studied for load and quality. The present study deals mainly with the 
amounts and impact of the nutrients, organic matter and metals that discharge 
into the sea. The data were obtained from monitoring conducted over several 
years. The diffuse load plays a key role in the eastern and northern Archipelago 
Sea. The load deriving from urban centres is higher than that from other sources 
in the Turku—Naantali area. In the southern Bothnian Sea industry is the 
predominant source of pollution in coastal waters. The load is reflected in 
turbidity, oxygen demand, increased primary production, and in the quantative 
and qualitative changes in the benthic community. The influence of effluents is 
most marked on the coast of the Archipelago Sea in the vicinty of the largest 
towns, and in the southern Bothnian Sea in the entrance of the Kokemäenjoki 
River. Since proceedings were put in hand to protect water, the load has decreased 
in the 1970s and the quality of the coastal waters has generally improved. 
1. GENERAL DESCRIPTION OF THE SEA AREA 
The coastal waters in Southwest Finland are linked to the Baltic proper and the 
Bothnian Sea through the Archipelago Sea. The coastline of the Archipelago Sea 
and the inner archipelago show a variegated and ruptured topography characterized 
by bays penetrating deep inland, and islands of diverse size separated by straits and 
open sea. Farther out the islands are smaller and the pelagic zone grades by degrees 
into the Baltic. The Archipelago Sea is shallow; a constant depth of 20 m is not 
reached until some 80 to 90 km out from the shore. Owing to fracture and fault 
lines, however, channels over 100 min depth occur in the shallow area. The frequency 
of islands decreases from the Archipelago Sea towards the Bothnian Sea, where only 
a narrow transitional zone separates the littoral waters from the open sea. In some 
places north of Rauma the archipelago is completely absent and the sea deepens 
fairly regularly from the coast seawards. 
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The average flow of the Baltic is westwards on the southern coast of Finland and 
northwards on the Finnish coast of the Bothnian Sea. The Archipelago Sea is thus 
a passage along which the waters from the Baltic and the Gulf of Finland flow to 
the Bothnian Sea. Being directly linked to the Baltic, it is affected by changes in the 
quality of the water in the Baltic. 
The mixing of seawater and fresh water discharged from the mainland to the 
sea takes place in the Archipelago Sea. Owing to the labyrinthine nature of the inner 
archipelago and the slow circulation of water, the quality of the littoral waters depends 
very much on the materials discharged by the rivers and on the effluent from industry 
and urban settlements. On the coast of the southern Bothnian Sea the mixing is 
often intense; the effects of the load coming from the mainland are therefore often 
restricted to the river entrances. 
In summer the salinity of the surface waters in the central Archipelago Sea is 
5.5 to 6.0 °/oo and in the outer archipelago 6.0 to 6.75 0/00. In winter, the differences 
in density mean that the water in the river estuaries is stratified, that is, it forms a 
surface layer of fresh water and a bottom layer of somewhat more saline water. In 
the spring, when the discharge of the rivers is at its peak, the salinity is fairly low 
in the bays that penetrate the mainland; it rises, however, during the summer when 
the rate of discharge drops and mixing is intensified. 
2. AREA DIVISION 
The load and quality of the coastal waters in the Archipelago Sca and southern Bothnian Sea, including 
the drainage areas discharging into them, were studied by dividing them into six subareas (Fig. 1). 
The region composed of subareas I to V has been called Southwest Finland. The Kokemäenjoki 
watercourse which covers roughly 27 000 km2, discharges into marine subarea VI. The load from the 
two lowest subareas of this waterway is included in the present study. The division of subareas with 
their drainage areas and the extent of the drainage areas are as follows (Seuna 1971): 
Number and name of Drainage area Extent of drainage 
subarea area in km2 
I Eastern sea area Kiskonjoki, Uskelanjoki, I-Ialikonjoki, Paimion- 4 600 km2 
joki, intervening areas, Kemiö Island and archi- 
pelago 
I1 Turku—Naantali sea area Aurajoki, Hirvijoki, intervening areas and 2 300 km2 
archipelago 
111 	Mynälahti sea area Myniijoki, Laajoki, intervening areas, 1 300 km2 
archipelago 
IV Uusikaupunki sea area Sirppujoki, intervening areas and 	archipelago 950 lrm2 
V Rauma—Luvia sea area Lapinjoki, Eurajoki, intervening areas and 2 700 km2 
archipelago 
VI 	Pori sea area Kokemäenjoki subarea 35.1 3 800 km2 
Loimijoki subarea 35.9 3 140 km2 
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3. THE HYDROLOGY OF THE DRAINAGE AREAS 
There are practically no lakes in the areas of Uskelanjoki, IIalikonjoki and Aurajoki, and in the whole 
of Southwest Finland lakes average only 3.0 % of the surface area. The paucity of regulating basins 
means that the discharge is irregular. Lakes occupy 10.9 % of the surface area of the ICokemäenjoki 
waterway, even though its lower subareas lakes are considerably fewer in number. The discharge 
curves for two rivers of different types are given in Figs. 2 and 3 (The National Board of Waters 1976). 
The total coverage of drainage areas in Southwest Finland is 12 000 km2, and the average dis-
charge to the sea is 96 m3/s calculated from a runoff value of 8 Ifs km2. The average discharge of the 
Kokemiienjoki River is about 200 ma/s. 
4. THE LOAD ON THE SEA AREA 
4.1. GENERAL 
The load on the marine subareas listed in Fig. 4 was obtained by summing the loads 
deriving from rivets, the coast and the archipelago as well as from waste waters that 
I- 
300 
w 
Ui 
a 200 x 
U Ul 
0 
2 
Z 
O 
100 
Z 
I 
201 
Fig. 2. Mean monthly discharge in the Aura 
joki River at Turku 1961-1970. 
Fig. 3. Mean monthly discharge in the Koke-
mäenjolci River at Harjavalta 1961-1970. 
directly enter the sea. The toad data are largely based on monitoring information 
gathered by the Turku Water District, and presented in detail in the comprehensive 
plan for water usage in Southwest Finland (The National Board of Waters 1977). 
The load has been divided into the diffuse load and the waste water load resulting 
from domestic sewage and industrial effluents. It has not been possible to classify 
the load discharged by the ICokemäenjoki River according to origin. The emphasis 
in this study is on phosphorus and nitrogen contents, the abundance of oxygen-
demanding substances and the amounts of certain metals. 
4.2. DIFFUSE LOAD 
In the present context diffuse load is understood as the load that derives from sub-
stances entering the waterways either naturally or by the action of man, but not by 
means of waste water disposal systems. 
Field cultivation and pig farming are particularly intensive in the clay areas of 
Southwest Finland and around the Loimijoki waterway. The diffuse load coming 
from these areas is aggravated by the relatively dense rural population. 
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The percentage of fields cut of the total land area and the magnitude of 
the diffuse load within certain areas are listed in the following table (Vesihallitus 
1977): 
Field 
Phosphorus \drogen Solids 
runo It 
kg 	P/a toi° 
runon 
tja km° 
runo0, 
t/a km2 
All 	Finland 	............................... 9.6 17 1) 300 1) 
Southwest 	Finland 	........................ 24 28 480 17 
Area 	of Uskelanjoki 	water\vay .............. 40 69 620 52 
Area 	of Paimionjoki waterway 	............. 36 45 670 31 
Area 	of 	Aurajoki 	......................... 38 37 560 14 
\Vhole area of Kokemäenjoki waterway 	..... 16 24 490 
1) Särkkä (1971). 
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The runoffs for phosphorus and nitrogen are particularly high in the Uskelanjoki, 
Paimionjoki, Aurajoki and Loimijoki areas. Erosion is most intense during the 
discharge peaks in the spring, when fields are without a protective vegetation cover; 
in Southwestern Finland 60 to 70 % of the total annual phosphorus and 50 to 60 % 
of the total annual nitrogen are washed to the sea at that time. The proportion of 
load dispersed into the sea in relation to the total load is highest in subareas I and 
M. 
The phosphorus incorporated in solids transported to the sea by flood waters is 
not, however, so readily utilized by algae as is the phosphorus in waste waters; a 
considerable portion of it is deposited with the solids in the river estuaries before it 
has time to participate in production. 
In Southwest Finland very sulphur-rich sediments have been deposited on the 
bottom of the Litorina Sea over an area of about 2 000 hectares. During the flood 
season, sulphuric acid and other chemicals dissolve into the water from these 
sediments. Drainage has increased the rate of discharge of the acid entering the 
water. 
In the area under consideration practically all the land submitted to cultivation, 
meadows excluded, is treated with herbicides and other pesticides. A study under-
taken in October 1975 showed that phenoxy acid contents are higher in the Aura-
joki River than in any of the 19 rivers studied in Finland. The content of chlorinated 
phenols in the Aurajoki River was also higher than in rivers elsewhere in Finland. 
In the Paimionjoki and Kokemäenjoki Rivers the contents of most pesticides exam-
ined were low (Kiviranta and Miettinen 1976). 
4.3. -MUNICIPAL WASTE WATERS 
The population of Southwest Finland is about 460 000, and that of areas 35.1 and 
35.9 of the Kokemäenjoki watercourse 240 000. Centres with a population exceeding 
5 000 are marked in Fig. 1. The largest towns are Turku (pop. 165 000), Pori (pop. 
80 000) and Rauma (pop. 30 000). In 1976, about 66 % of the population in the areas 
under consideration benefited from municipal sewage disposal systems. This is slightly 
more than the average for the whole country (Vesihallitus 1977). 
The bulk of the municipal waste waters discharging to the marine area being 
discussed derives from towns located close to the shore. The organic wastes in sewage 
discharged to the lakes and upper courses of the tributaries of the Kohemäenjoki 
watercourse decompose before reaching the sea, but some of the nutrients deriving 
from settlements in the upper waterways flow to the sea. 
if the annual average loads are compared with each other, it is noted that only 
in the Turku—Naantali subarea is the municipal sewage load higher than the load 
from other sources. During periods of low discharge the dispersed load is rather 
small and the effect of population centres and industry is emphasized everywhere. 
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The purification of municipal sewage has improved throughout the 1970s and 
nowadays almost all population centres have treatment plants. The following data 
illustrate the capacity and efficiency of treatment plants in 1976 (Vesihallitus 1977). 
Input 	 Output 	Purification 
load load efficiency , 
Total phosphorus ......................... 	kg P)d 	1 700 	750 	56 
Total nitrogen ............................ 	kg N/d 7 000 	5 900 	16 
BODI ...................................kg 02/d 	48 000 	17 000 	65 
4.4. INDUSTRIAL EFFLUENTS 
In Southwest Finland industrial production is diverse and represents over 10 % of 
the total production of the whole country. Important industrial centres are also located 
in the Kokemiienjoki and Loimijoki subareas. Fig. 5 shows the plants that contribute 
most to the load. 
The main source of pollution on the southern seaboard of the Bothnian Sea is 
the chemical wood processing industry. Loads are discharged directly into the sea 
from Rauma and Pori. The lakes in the Kokemäenjoki waterway are so heavily 
loaded by waste from the pulp industry that the load is not able wholly to decompose 
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in the inland waters. For example, a part of the lignine deriving from the upper 
courses of the waterway reaches the sea. When the wastes from the wood processing 
industry decompose, the oxygen content in winter in the water of the Kokemäenjoki 
River is low. During the 1970s, however, the effluent load deriving from the pulp 
and paper industry has markedly decreased. Purification proceedings implemented in 
Rauma and Pori, and the end to the manufacture of sulphite pulp in Pori 1974 have 
largely contributed to the decrease in the marine load. 
Factories of the beet sugar and food processing industries are located on the coast, 
primary in the vicinity of Salo and Turku; other are located on the Eurajoki and 
Kokemäenjoki Rivers. Some of the effluent from the food processing industry is 
treated together with municipal sewage. 
Fertilizers are produced in Uusikaupunki and Harjavalta. The 1970s have seen a 
marked reduction in the amount of nutrients discharged from fertilizer plants. At 
the end of the 1960s the Uusikaupunki plants were discharging about 500 kg P/d 
into the sea; the current figure today is 20 kg P/d. At Harjavalta, the corresponding 
figures are 350 kg P/d in 1969-70, and roughly 10 kg P/d today. The chlorine plant 
at Äetsä on the Kokemäenjoki River was discharging 2 000 to 3 000 kg Hg/a to the 
river in the 1960s; the current load is now about 100 kg Hg/a. 
Naantali is the site of an oil refinery, which treats annually some 2.7 million 
tons of crude oil. The oil-bearing waste and ballast waters are treated in a chemical-
biological plant, and in 1976 less than 10 kg of oil was entering the sea per day. 
The Vuorikemia titanium dioxide plant belonging to Kemira Oy contributed 
significantly to marine load of Pori. In 1976 the plant discharged daily 350 tons 
of sulphuric acid and 250 tons of ferrosulphate into the sea. The effluents also contain 
other heavy metals in addition to iron. 
Iron works are located on Kemiö Island and in Turku. In 1940-70 the copper 
plants at Harjavalta and Pori were discharging zinc, copper and nickel into the river 
at a higher rate than at present. The current load of heavy metals discharged with 
effluent is about 50 kg/d for the above elements. 
At Turku and Pori the textile industry has several factories close to the sea, 
but the effluents are treated in the municipal purification plants. 
The heat load discharged to the sea from power plants is still low. The rate of 
the flow of cooling water from the power plant at Naantali is 13.5 m'/s at the most, 
and from that at Pori 9 ms/s. When operational in 1979, the first unit of the atomic 
power plant to be completes north of Rauma will need about 30 m3/s of cooling water. 
5. THE QUALITY OF THE LITTORAL WATERS 
Information on the condition of the marine area and the development of that are 
based mainly on studies undertaken by Water Protection Association of South-West 
Finland, Water Protection Association of the Kokemäenjoki Watercourse and Turku 
Water District. 
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The polluted marine areas in Southwest Finland are located chiefly near the largest 
population centres and in the river estuaries (Fig. 1). In the following, the condition 
of the polluted areas is discussed together with the consequences of current changes 
in load. Each area has been divided into three pollution zones on the basis of its 
average physico-chemical and biological properties. The attempt has been made to 
base the zonal division on a uniform set of criteria. However, owing to differences 
in load, different factors had to be stressed in each area. The division yvas based on 
the follo\ving criteria: 
Heavily polluted area: 
— low oxygen content during critical periods (saturation value < 50 °u) and high standard deviation 
in results; 
— high content of lignine or other oxygen-demanding substances (I{NInO i-consumption > 8 mg 
— high content of plant nutrients (total P > 80 g/l, total N > I mg/l); 
— primary production ability characteristic of very eutrophic waters (> 1 000 mg C/mad) or lowered 
owing to the toxic effects of effluents; 
— benthich fauna either wholly destroyed or dominated by communities composed of groups that 
best resist pollution (Oligochaeta, Chironomus); 
—water intensely turbid owing to plankton or solids, or both and/or hygienically polluted. 
Polluted area: 
— distinct oxygen deficiency during critical periods (saturation value 50-70 %) and fairly high 
standard deviation in results; 
— content of lignine or other oxygen-demanding substances notably above the average ;n nature; 
— fairly high contents of plant nutrients (total P 60-80 pg/1, total N 0.5-1 mg/i); 
— primary production rate characteristic of eutrophic waters (200-1 000 mg C/mad); 
— marked increase in the biomasses of benthic fauna; Macoma ba/tien as the predominant species; 
—water clouded by plankton or solids, or both. 
Slightly polluted area: 
— periodic slight oxygen deficiency; 
— content of lignine or other oxygen-demanding substances somewhat above the average in nature; 
— contents of plant nutrients slightly above the average in nature; 
— small increase in rate of primary production; 
— qualitative or quantitative changes in benthic fauna as a result of eutrophication; 
—water more turbid than in nature in general; 
— pollution may be periodic. 
6. THE LOAD AND QUALITY OF SUBAREAS 
6.1. THE EASTERN SEA AREA 
The quality of the water has undergone the most marked change in Halikko Bay and 
Paimio Bay in the eastern part of the southwest coast. Halikko Bay is an enclosed, 
narrow inlet of the sea divided by Kemiö Island into two crescents (Fig. 6). It is 
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Fig. 6. The state of coastal waters in the Archipelago Sea. 
shallow in the inner part farther out, depressions (max. 26 m) and shallower thresholds 
alternate. The influence of fresh water is strongest at the head of the Bay but gradually 
weakens seawards. 
The load mainly affects the oxygen balance and the primary production. In winter, 
the lighter water with low salinity rises and forms an upper layer where the decomposi-
tion of waste gives rise to intense oxygen consumption. In the inner part of the Bay 
the oxygen content is very low, and a high deficiency in oxygen has been observed in 
the surface waters for 15 to 20 km from the head of the Bay. The oxygen deficiency 
in the more saline bottom water is not serious except in the waters north of Vartsala 
Island. 
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In summer, the situation in the Bay is in some respects reversed. Algae production 
in the upper layer is intense and the oxygen content is good. In some depressions, the 
saline, cold and stationary bottom water that receives the matter formed in the 
production layer or transported by effluents is strongly depleted or completely lacking 
in oxygen. The autumn inversion stabilizes the system. 
The load on Halikko Bay extends, even though slight, southwestwards as far as 
Peimari Sound and southwards to beyons Strömma channel. No permanent changes 
in the quality of the water in Halikko Bay have been recorded in recent years. 
Paimio Bay is a fairly narrow inled of the sea that deepends regularly southwards. 
The exchange of water in the Bay is intense, so much so that pollution has been almost 
nonexistent. In winter, the influence of the Paimionjoki River is felt at the head of the 
Bay when the oxygen content deteriorates somewhat, the oxygen consumption of the 
water increases and hygienic pollution sets in. In summer, the effects are even milder 
and are reflected in turbidity and primary production in excess of those in the open sea. 
6.2. THE TURKU—NAANTALI SEA AREA 
The innermost part of the Turku—Naantali sea area (Fig. 6) is isolated from the 
immediate influence of the sea, and hence is in many ways comparable to inland 
waters. Marine influence is low until the northern end of Airisto Sound. 
In the Turku—Naantali sea area pollution and eutrophication are most intense in 
the estuary and straits of the Aurajoki River as well as in Raisio Bay (Fig. 6). These 
areas are characterized by very high nutrient contents, high plankton production, and 
oxygen deficiency in the near-bottom water layer. The plankton biomass and natural 
turbidity due to clayey particulates control the rate of primary production. In winter, 
the oxygen deficiency is concentrated on the surface water underlying the ice. The 
water is also hygienically polluted, particularly in late summer and winter. The area of 
moderately polluted and eutrophic water extends to the entrances of the straits that 
radiate out from Turku, and to the area between Raisio Bay and Naantali. 
The eutrophic area also includes Piikkiö Bay. Mild pollution and eutrophication 
are noticeable in the sea northeast of the line Parainen—Naantali. During the spring 
floods, the turbidity caused by rivers may extend in surface water temporarily as far as 
the southern part of Airisto Sound. 
At the end of the 1960s the condition of the marine area showed a slight improve-
ment owing to a decrease in the organic load. This was apparent in the improved 
condition of the benthic fauna, the decrease in phosphorus content and primary 
production, and in the improvement of hygienic conditions. In the early 1970s the 
quality of the water was unchanged or even deteriorated in some areas where the 
load again began to increase. 
Since 1975, when Turku started to precipitate phosphorus chemically from its 
sewage, primary production has shown a marked decrease and the eutrophic area has 
contracted. Further, the habitat of species of benthic fauna that avoid pollution has 
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extended, particularly off Naantali and in the outermost Turku straits. An intense 
regeneration of benthic fauna has been noted in places that were previously badly 
polluted by oil (Juuti & Lcppäkoski 1976). 
6.3. THE MYNÄLAHTI AREA 
Mynälahti is a shallow bay that penetrates deep into the mainland and is separated 
from sea by the archipelago. Primary production in Mynälahti is somewhat above the 
average in nature owing to the nutrient load deriving natural processes and human 
activities. In shallow marine inlets and in the inner archipelago, primary production is 
promoted by the rapid rotation of nutrients between bottom and the water. This is 
what is happening in Mynälahti; thus, although slightly euttophic, the marine area 
can still be used for a variety of purposes. 
6.4. THE UUSIKAUPUNKI SEA AREA 
The pelagic zone in the Uusikaupunki sea area is very narrow (Fig. 7) and thus the 
exchange and mixing of the waters is more intense than in the Turku—Naantali area. 
Throughout the 1960s significant changes took place in the archipelago, which 
until then had been almost unspoilt. The 37 km' fresh water reservoir constructed 
north of Uusikaupunki in the estuary of the Sirppujoki River changed the flow 
pattern. The load increased decisively with the completion near the town of a fertilizer 
plant for Kemira Oy in 1965. The discharge of effluents from the plant led to increased 
phosphorus content in the sea, intensified algae production, eutrophication of littoral 
flora, and changes in the benthic fauna and fish population. The nutrient-bearing 
waste water sank down to the depressions, which are marked by an intense deficiency 
in oxygen during periods of stratification. The phosphorus that accumulated in the 
depressions mixed with the water during the spring inversion and thus entered 
primary production. 
Since the early 1970s the nutrient load of the sea has gradually diminished. The 
decrease in primary production has, however, been slower than that of the phosphorus 
content in sea water. This is mainly because the phosphorus content in eutrophic 
areas is not yet a production-limiting factor, and the amount of phosphorus available 
still exceeds that of nitrogen (Jumppanen 1976). 
The oxygen content in the marine area is now once again fairly high, and it is 
some time since high phosphorus contents were noted in the depressions. The sewage 
from Uusikaupunki forms on the surface a fresh water layer whose contribution to the 
phosphorus content is now, in the late 1970s, more significant than before. Hence, the 
focus of eutrophication and primary production has recently shifted to the discharge 
outlet of municipal sewage. The main municipal treatment plant went into operation 
in 1977, and thus improvements are to be expected. 
27 	1278020337 
210 
AREA j 	PORI 
Heavily polluted 
Polluted 
— 	— 	 Slightly polluted 
__ f Ahlainen 
--- 	 AHLAINEN 
hk n 00 0  
;__ woÄ —  Prelvilki boy 
Kuuminai- 
s y 	 PORI 
AREAL 	RAUMA 	 AREA IY 	UUSIKAUPUNKI 
USIKAU PUNKT 
RAUMA 	-_erli.li M for t 
4 	 ° 
d  
Fig. 7. The state of coastal waters in the southern Bothninra Sea. 
6.5. THE RAUMA—LUVIA SEA AREA 
Off Rauma, the influence of the open sea is felt right up to the shore. Because of the 
lack of isolated depressions, conditions favour the spreading of waste waters. When 
the sea is not covered by ice, stratification is only slightly developed and temporary, 
since the water may change within a short time. In winter, the waste waters spread 
under the ice to cover large areas. 
The highly polluted area is restricted to a radius of roughly 2 km off Rauma (Fig. 
7). The oxygen content is low, whereas the chemical oxygen consumption, and the 
lignine and nutrient contents are high. On account of turbidity and the presence of 
toxic compounds, the primary production of plankton is lower than normal, and the 
)Cnthic f.iuna has been either wholly destroyed or reflects very intense pollution. 
21 1. 
The influence of waste waters decrease rapidly, and within a 2 to 3 kin wide zone 
the quality of the sea water changes to a level indicating only very mild pollution. The 
slight influence of the waste waters, which is indicated by values somewhat above the 
average in nature for phosphorus content, primary production, lignine content and 
chemical oxygen consumption, can be traced to a distance of about 6 km. 
The reduction in the load in the Rauma marine area means that the condition of 
the sea is better than it was in the early 1970s. Particularly the content of solids and the 
chemical oxygen consumption have decreased, and the oxygen content increased. 
According to preliminary results of studies on benthic fauna undertaken in the summer 
of 1977, it appears that the condition of the benthic fauna is also improving and that 
they are returning to areas from which they had been annihilated. 
6.6. THE PORI SEA AREA 
Off Pori, the sea can be divided into two unlike subareas (Fig. 7). Pihlava Bay and the 
Ahlainen Archipelago are shallow, protected areas where the mixing of river and sea 
waters is comparatively mild. Beyond the pelagic zone and in the southern part of the 
area on the open coast off Mäntyluoto and Yyteri, mixing and dilution are vigorous. 
The condition of the sea off Pori is mainly affeceted by the polluted water of the 
Kokemäenjoki River and the effluents that are directly discharged from a fibre-board 
plant to Pihlava Bay and from a titanium dioxide factory to the sea off Mäntyluoto. 
The consequences of the load entering Pihlava Bay and that discharged by the Vuori-
kemia factory can be discussed separately owing to the difference in their mode of 
influence and areas of impact. 
The waters of the Kokemäenjoki River flow to the sea through Pihlava Bay via the 
Ahlainen Archipelago and through the opening in the embankment carrying the road 
to Reposaari Island. The bulk of the only slightly saline water that discharges through 
the opening flows to the sea along the southern shore of Reposaari, spreading from 
there northwest- and northwards. 
Pihlava Bay is a shallow sedimentation basin. The intense pollution of the water is 
shown in the high content of oxygendemanding substances, the low oxygen content 
in winter, the high abundances of plant nutrients, etc. On the whole, primary produc-
tion has not yet reached its maximum in Pihlava Bay owing to inhibition by effluents. 
In the Ahlainen Archipelago the influence of river waters is strong. The inhibitionary 
effect does not extend this far and the rate of primary production is highest in the 
southern part of the archipelago. 
Beyond Pihlava Bay and the archipelago, the area distinctly polluted by river 
waters is fairly narrow in summer. Mild pollution is restricted to a thin surface layer, 
and the extent of the area depends largely on the weather and on the currents. Occa-
sional signs of incipient eutrophication can be observed in the south as far down as 
Preiviiki and Viasvesi Bays. 
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Beyond the archipelago the influence of river waters is strongest when the sea is 
covered by ice and the waters from rivers spread as a thin layer under the ice. 
Considerable amounts of heavy metals have accumulated in the bottom sediments 
of Pihlava Bay; hence, the abundance of mercury, cadmium, lead, zinc, copper and 
chromium are way above average in the upper parts of the sediments. Anomalous 
metal abundances occur in the surface layer, 7 to 15 cm thich in western parts of 
Pihlava Bay, and 3 to 4 cm thick in the Ahlainen Archipelago. Increased metal 
abundances area also encountered on the sedimentation bottoms of small depressions 
beyond the archipelago (Alkonen et al. 1973, Häkkilä 1977). 
The condition of the Kokemäenjoki River estuary was deteriorating until the 
beginning of the 1970s. Since 1974 a distinct improvement has been noted. This is 
most apparent in the reduction in chemical oxygen consumption and in the 
amelioration of oxygen content in winter. The phosphorus abundance has also shown 
a tendency to decrease. The latest observations suggest that the influence of com-
pounds inhibiting primary production in Pihlava Bay has diminished and that the 
peak of primary production has shifted from the Ahlainen Archipelago to the Bay. 
The latest studies on benthic fauna also reveal an improvement in the condition of 
the estuary. Owing to the decrease in heavy metal discharge, the concentration of 
mercury in fish has shown a recent tendency to diminish. The uppermost surface 
layer of the sediments also indicates that the concentrations of some metals are lower 
than before. 
During calm periods, the effluents from the Vuorikemia titanium dioxide plant, 
which are denser than sea water, spread westwards along the bottom as a fairly narrow 
wedge; during windy periods, however, the direction of the effluent spread depends 
on the wind and sea currents. Hence, the polluted area varies, and radiates generally 
into the surrounding sea from its centre at the discharge site of the effluents. The 
intensity of pollution depends on the occurrence and concentration of effluents in the 
area. 
The unfavourable effects of the effluents derive mainly from sulphuric acid and 
iron; sulphuric acid lowers the pH in sea water. The toxic effects disappear after 
neutralization following dilution. Adjacent to the discharge pipe, iron sulphate occurs 
in toxic concentrations, The iron hydroxide precipitate that forms as a result of 
dilution has negative effects that appear gradually and bring about changes in the 
local fauna. The iron hydroxide precipitate does not deposit permanently off Mänty-
luoto; alternately sinking to the bottom and mixing with the water, it drifts out to the 
Bothnian Sea, where it deposits permanently (Voipio & Niemistö 1975). The iron 
hydroxide precipitate mixed with water stains the sea brownish. Turbidity is strongest 
in the bottom water layer. During gales and storms, particularly in the autumn and 
spring, when the water is not stratified, the turbidity extends throughout the water 
hody. Turbidity is most frequent in the area between Säppi and Reposaari Islands, but 
it may temporarily extend, particularly in the bottom layer, as far as 20 to 25 lcm from 
the discharge pipe (Lehtonen 1976). 
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Fig. 8. Effects of effluents from the titanium dioxide factory on the bottom fauna 
in the coastal waters off Pori. 
The effect of the effluent is strongest within an area roughly 8 km2 around the 
discharge outlet; here, biologic production is completely indibited on the bottom and 
in the bottom water layer (Fig. 8). Beyond this area there is a polluted zone extending 
for 18 km2 as well as a number of separate depressions covering a total of 12 km2 
whose significance as spawning and nursering grounds for benthic fauna and fish is 
negligible. The effect of the effluent on benthic fauna is felt as far as 10 to 15 km from 
the discharge outlet (Häkkilä el al. 1978). 
The iron-bearing turbidic waters expel fish and foul fishing nets; hence, the effect 
of the effluents is strongest on the fish population and fishing in the area. 
It has been demonstrated that, of the metals discharged to the sea with the effluent 
from the Vuorikemia plant, titanium, vanadium and zinc are concentrated in the 
bottom sediments in the vicinity of the plant. Owing to the high background load of 
the Kokemäenjoki River, it has not been possible to show indisputably that the other 
metals in the effluent from the titanium dioxide plant were concentrated on the sea 
bottom close to Pori (Häkkilä 1977). 
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SOME PRELIMINARY RESULTS OF THE DETERMINATION 
OF OIL BY FLUORESCENCE SPECTROSCOPY IN THE GULF 
OF BOTHNIA AND THE GULF OF FINLAND 
Vappu Tervo 
Institute of Marine Research 
P. O. Box 166, SF-00141 Helsinki 14 
The total amount of petroleum hydrocarbons (oil) was determined from 52 sea 
water samples collected at 19 stations during cruises of R/V Aranda in 
October—November 1977 in the Gulf of Bothnia and in the Gulf of Finland. 
The samples were analysed ashore by fluorescence spectroscopy. The mean 
concentrations for »light oil» were 1.6-7.3 ug/l and for »heavy oil» 0.5-1.6 
Itg/] in the whole investigation area. 
The petroleum hydrocarbon content of the Baltic Sea has been studied by several 
authors in the 1970s (e.g. Erkomaa, 1976; Carlberg, 1977; Rudling, 1976; and 
Rakowska and Lysiale, 1977). They report oil concentrations from 1 ceg/l to about 
200 g/1. The aim of the present study was to collect more information on oil pollution 
in the Baltic Sea teaters. 
The sampling stations are shown in Fig. 1. The methods for sampling and analysis have been 
described by Ahnolf el al. (1974), and Ahnoff & Johnson (1977).The sampler was slightly modified 
(Fig. 2). Samples were taken on the foredeck of the ship just before standing at the station at 1,  
10 and 30 to depths. Immediately after sampling the samples were extracted in sampling bottles 
with the aid of n-hexane (Uvasolgrade, Dferck, without purification) by vigorous magnetic stirring 
for 45 minutes. The hexane layer \vas separated in a separating funnel. The hexane extracts 
were stored in a refrigerator in test tubes with tightly closed, aluminium foil-lined screw caps 
and analysed after the cruise. The fluorescence spectra of the samples were recorded by a 
Pcrkin-Elmer model 204 two-grating monochromator fluorescence spectrophotometer with a 
150 \V xenon light source. Standardization was made by Russian crude oil from Neste Oy 
(cf. Fig. 3), a type of oil that is largely transported on the Baltic Sea. The concentrations 
of oil are given as equivalents of this crude oil. The oil content was estimated with two 
wavelengths, 230 nm for »light oil», and 310 om for »heavy oil; the emission spectra were 
recorded at 340 nio and 400 nm, respectively. 
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Fig. 1. Oil sampling stations. 
Fig. 2. Closed glass bottle sampler. 
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Fig. 3. Fluorescence spectra of crude oil standard solutions in n-hexane. 
The results are shown in Table 1 and Fig. 4. The values in brackets were excluded 
from the calculations of the means, because it was not possible to check whether the 
samples were contaminated or not. The mean value for the »light» fraction is 4.9 ,ug/l 
in the Gulf of Finland and 3.1 , ig/1 in the Gulf of Bothnia; the mean values for the 
»heavy» fractions are 0.9 eg/l in both areas. Rudling (1976), Ahnoff and Johnson 
(1977) have reported oil values from the southern Baltic Sea that are of the same order 
of magnitude as ours, only slightly lower; considerably higher values have been 
reported by Erkomaa (1976), Carlberg (1977) and Rakowslca and Lysiak (1977). In the 
latter investigations, however, the infrared method was used, in which the detection 
limit is about 50 p..g nonpolar mineral oil per one litre of sea water. 
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ON THE HEAVY METALS AND CHLORINATED HYDRO-
CARBONS IN THE GULF OF BOTHNIA IN FINLAND 
Veijo Miettinen and Matti Verta 
National Board of Waters 
P. O. Box 250, SF-00101 Helsinki 10, Finland 
This review describes studies carried out on heavy metals and chlorinated 
hydrocarbons in the sediments and aquatic biota in the eastern Gulf of Bothnia 
at the beginning of the 1970's. The future monitoring of toxic substances 
and measures to intensify the use of the results are also discussed. 
In the eastern Gulf of Bothnia the areas polluted by heavy metals, are of 
Eurajoki, Pori, Kokkola and Oulu. Concentrations of chlorinated hydrocarbons 
in the Bothnian Bay are lower than in other areas. 
The Gulf of Bothnia is a sea area very susceptible to pollution. This is mainly due to 
the slow exchange rate of water with the Baltic Sea proper and the stress on aquatic 
biota caused by low salinity. Effects of pollution are observed especially at the top 
of food webs vi.Z. in the accumulation and effects of toxic substances in seals (Helle 
1976) and white-tailed eagles (Koivusaari et al. 1976). This review is based on the 
few studies that deal with heavy metals and chlorinated hydrocarbons in the bottom 
sediments, benthos, zooplankton and fish in the eastern Gulf of Bothnia (Fig. 1) and 
the use of the results in establishing which areas are polluted by these toxic substances. 
SEDIMENTS 
Concentrations of some heavy metals and non-metals have been studied mainly in the 
polluted areas of the Gulf of Bothnia. As far as we know concentrations of chlorinated 
hydrocarbons in the bottom sediments have not been studied. 
Studies by the water authorities showed high concentrations of Zn, Cu, Cd, Hg, 
Pb, Cr, V and Ti in the bottom sediments off Pori (2.1.2 in Fig. 1) (Alkonen et al. 
1973, Häkkilä 1977), high concentrations of Zn, Cu, Cd, Hg, Ni and As in the 
bottorn sediments off Kokkola (4.1.1) (Koskela 1975, Niemi 1976, 1977) and high 
mercury concentrations in the sediments off Oulu (4.2) (Alhonen et al. 1973). 
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Figure 1. The Gulf of Bothnia and the areas reviewed. 
The mercury content of unpolluted sediments in Finland is about 0.05 mg/kg dry 
weight (Häsänen 1975). The elevated concentrations in sediments in the Kokemäen-
joki estuary off Pori (max. 4.5 mg/kg dry wt., n = 140) and in the sea at Oulu (max. 
5 mg/kg dry wt., n = 20) are due to the chlorine-alkali industry, and in the Kokkola 
sea area (max. 2.4 mg/kg dry wt., n = 26) to the ore processing and fertilizer 
industries. Some 30 to 40 km beyond the polluted sea area off Pori Häkkilä 
(1977) observed concentrations in sediments that were near those observed by 
Häsänen. 
The cadmium content of unpolluted sediments in the Bothnian Bay is about 
0.8 mg/kg dry weight (Niemi 1976) and in the Bothnian Sea 0.2-0.5 mg/kg dry 
weight (Häkkilä 1977). The high concentrations off Pori (max. 11 mg/kg, n = 87) 
and off Kokkola (max. 6.4 mg/kg, n = 26) are mainly due to the ore processing 
industry. 
The high concentrations of other elements have been attributed mainly to the ore 
processing industry, but in certain areas they may be due partly to the flux of elements 
(especially Zn and Cu) from sulphur rich soils (Häkkilä 1977, Niemi 1976). 
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THE BOTTOM FAUNA 
Only few studies exist of the concentrations in bottom fauna. The bottom fauna 
analysed in the Baltic Baseline Study (ICES 1977, Voipio et al. 1977) were Macoma 
baltica and Mesidotea entonioi/. The results are given in Tables 1 and 2. In Macoma 
baltica the concentrations of the metals studied were higher in the Quark Sea Area (3) 
than in the Archipelago Sea. In Mesidotea enlomon the highest concentrations of 
mercury were off Kokkola (4.1.1) and Oulu (4.2). The variation in the concentrations 
of zinc, copper lead and cadmium between different areas was small although the 
highest concentrations were found in the Bothnian Bay (4.1, 4.1.1, 4.2). The lowest 
values for most of the metals were in the Archipelago Sea (1.). 
TABLE 1. Heavy metals in Macoma hal//ca (M.b.) and 11/esidolea cu/Onion (Me.) in 1974, mg/kg, 
\vet weight (n = number of samples). 
Area Specks n Hg Zn cu Pb Cd 
1. M.G . 	.................. 2 0.043 88 5 0.7 0.2 
A-Le . 	.................. 2 0.004 14 39 0.3 0.4 
2. A~I.e . 	.................. 3 0.010 22 42 0.6 0.5 
3. M.b . 	.................. 2 0.100 99 12 1.5 0.5 
A4, e . 	.................. 1 0.030 27 43 0.3 0.3 
4.1 i41.e . 	.................. 2 0.030 18 23 0.7 0.8 
4.1.1 11.e . 	.................. 5 0.130 28 56 0.9 0.6 
4.2 111,e . 	.................. 1 0.120 16 15 1.5 0.3 
Häkkilä (1977) observed high concentrations of mercury, cadmium, chromium and 
copper in Macoma baltica and high concentrations of mercury in Mesidotea entoi»on 
in the sea area off Pori (2.1.2). 
Mercury concentrations in Ljmaaea s/ag/aalis off Oulu (4.2) ranged from 0.01 to 
1.3 mg/kg, wet weight. Since 1967 the mercury concentrations in snails have decreased 
in the most polluted subareas to about one tenth (Lindgren 1976). 
TABLE 2. Chlorinated hydrocarbons in AIarowa bat/ica (tlI.b.) and Ile.ridolea en/oinoi (Me.) in 1974, 
mg/kg, wet weight (n = number of samples analysed). 
Area Species n PCB E-DDT Diddrin 
1. 114.b . 	........................ 2 0.040 0.035 0.007 
M.e . 	........................ 2 0.060 0.060 0.010 
2. 3t.e . 	........................ 1 0.120 0.066 0.016 
3. ll.b . 	........................ 1 0.040 0.034 0.011 
14.e . 	........................ 2 0.070 0.040 0.015 
4. M.e . 	........................ 1 0.040 0.008 < 0.005 
The concentrations of chlorinated hydrocarbons between different areas varied 
slightly. Only in the sample taken from the Bothnian Bay (4) were the concentrations 
of DDT and dieldrin notably lower than in other areas. 
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ZOOPLANKTON 
The concentrations of PCB, Z-DDT and mercury in zooplankton based on the 
studies made by the water authorities are given in Table 3 (Miettinen & Hattula 1978). 
The concentrations of all these compounds were highest off the town of Vaasa 
(3.1), possibly because of the influence of local industry. Concentrations of PCB 
become lower towards the Bothnian Bay. 
The PCB contents analysed in the zooplankton samples from the Archipelago Sea 
in 1972-73 by Linko et al. (1974) were much higher in than those observed by 
Miettinen and Hattula (1978). In surface samples (down to 10 m) PCB values of 
40-750 gag/kg (wet wt.) were detected (Linko et al. 1974). 
TABLE 3. PCB, E-DDT and mercury in zooplankton in 1972, t6gjkg, met weight 
(n = number of samples analysed). 
A 	
PcB 	 I-DDT 	 Fig 
rca 
u 	mean 	range 	n 	menu 	range 	n 	mean 	range 
1 . 	.............. 4 9.0 7 -12 4 3.3 1-6 2 42 33-51 
2 . 	.............. 4 9.5 5 -13 4 2.4 0.6 -3 	— — - 
3 . 	.............. 3 7.3 6— 8 3 4.7 3 -6 	1 19 - 
3.1 ............. 1 65.0 — 1 15.0 — 	1 87 - 
4 . 	.............. 10 5.8 0.9 -12 10 2.7 0.2 -3 	1 19 — 
FIS H 
The concentrations of heavy metals and chlorinated hydrocarbons in fish are given 
in Tables 4 and 5. The results reviewed are those of the water and fisheries authorities 
(Miettinen 1974, Lehtonen 1976), the Baltic Baseline Study (ICES 1977, Voipio 
et al. 1977), the University of Oulu (Lind & Hanski 1976) and the State Veterinary 
Institute (Karppanen & Stabel-Taucher 1976). Only recent studies reviewed for 
the most polluted areas of Eurajolci (2.1.1), Pori (2.1.2) and Oulu (4.2). Species 
not listed in Table 4 have also been studied in most areas. 
In the Archipelago Sea (1.), in most of the Bothnian Sea coastal area (2.1.), in the 
Quark area (3.) and in the Bothnian Bay coastal waters (4.1.) concentrations of heavy 
metals in fish seldom differ from natural concentrations. The perch in area 1. is an 
exception, evidently because it has migrated from polluted areas. 
The estuaries of the rivers Eurajoki (2.1.1) and Kokemäenjoki (2.1.2), and the 
sea areas off Oulu (4.2) and Kemi—Tornio (4.3) exhibit pollution by mercury. In the 
latter case this is due to fish migrating from the Oulu sea area (Lind & I-Ianski 
1976). 
The concentrations of cadmium were highest off Pori (2.1.2) and Kokkola (4.1.1), 
and the concentrations of copper were highest off Kokkola (4.1.1). The concentrations 
of zinc and lead did not differ much in the areas studied. 
TABLE 4. Heavy metals in fish muscle, mgIkg, wet weight. 
Area 	Species of fish 	Years 	 n 	 Zn 	n 	Cu 	n 	 Pb 	 n 	 Cd 	 n 	Hg 
1. Pike 	............ 67,70,74,77 1 4.9 1 0.19 1 0.03 1 0.005 24 0.25 
Perch 	........... 68 5 0.47 
Baltic herring 	... 74 23 6.7 23 0.36 23 0.08 23 0.013 23 0.02 
Sprat 	........... 74 30 11.8 30 0.40 30 0.05 30 0.018 30 0.04 
Cod 	............ 74 6 3.5 6 0.13 6 0.09 6 0.013 6 0.04 
Flounder 	........ 74 6 5.4 6 0.22 6 0.09 6 0.011 6 0.02 
2.1 Pike 	............ 67,68,70 - 7 0.40 
2.1.1 Pike 	............ 77 - 5 0.63 
2.1.2 Pike 	............ 74,77 10 5.2 10 0.018 14 0.58 
Perch 	........... 74 11 5.1 11 0.011 11 0.46 
Baltic herring 	... 74 20 8.1 12 0.32 12 0.15 12 0.021 20 0.04 
Cod 	............ 74 2 3.9 2 0.17 2 0.25 2 0.018 2 0.11 
Flounder 	........ 74 2 6.3 2 0.35 2 0.11 2 0.030 2 0.06 
Burbot .......... 74 11 5.4 5 0.18 5 0.08 11 0.002 11 0.47 
Whitefish 	....... 74 10 5.1 10 0.004 10 0.07 
3. Pike 	............ 67,70,74,75 4 3.9 4 0.41 4 0.05 4 0.006 10 0.31 
4.1.1 Pike 	............ 70,73,74 2 14 2 0.83 - 6 0.009 2 0.07 
Perch 	........... 73,74,76 26 7.5 15 0.71 - 13 0.035 11 0.22 
Baltic herring 	... 76 8 8.1 5 1.1 - 6 0.042 4 0.27 
Whitefish 	....... 73,74,76 28 8.4 16 0.63 - 13 0.039 14 0.21 
4.1 Pike 	............ 67,73-75 2 19 2 0.24 - 2 0.006 11 0.21 
Perch 	........... 70,73,74 6 8.7 6 0.42 2 0.05 6 0.005 3 0.23 
Baltic herring 	... 74 20 5.6 20 0.54 20 0.09 20 0.020 20 0.03 
Sprat 	........... 74 6 9.0 2 0.42 2 0.10 2 0.020 2 0.05 
Cod 	............ 74 1 3.8 1 0.16 1 0.05 1 0.002 1 0.06 
4.2 Pike 	............ 73-76 4 4.0 4 0.23 4 0.08 4 0.002 16 0.56 
Perch 	........... 73-76 39 5.5 39 0.42 39 0.08 39 0.002 173 0.56 
Baltic herring 	... 73-76 20 7.2 20 0.95 20 0.14 20 0.010 80 0.22 
Burbot 	.......... 70,73,75 2 5.8 6 0.29 6 0.08 6 0.003 17 1.2 
Whitefish 	....... 73-76 18 5.8 18 0.52 18 0.11 18 0.009 38 0.21 
4.3 Pike 	............ 73-76 - - - - 18 0.44 
Perch 	........... 73-76 - - - - 20 0.56 
Baltic herring 	... 73-76 - - 15 0.10 
Burbot 	.......... 70,73 1 7.7 1 0.4 1 0.05 1 0.002 13 0.61 
Whitefish ....... 73-76 15 0.11 
W 
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The Baltic Baseline Study and other studies by authorities revealed that the 
highest concentrations of chlorinated hydrocarbons in fish are in the Archipelago Sea 
(1.) or in the sea area off Pori (2.1.2). The concentrations were lowest in the Bothnian 
Bay (4.1, 4.3). There are no analyses from most of the Bothnian Sea. 
TABLE 5. Chlorinated hydrocarbons in fish muscle in 1971 and 1974, mg/kg, wet weight. 
(n = number of fish analysed). 
Area 	 Species of Fish 	 n 	 PCD 	 L-DDT 	Dicidrin 	 Lindan 
1. Pike 	.................. 15 0.12 0.06 < 0.005 < 0.005 
Baltic 	herring 	.......... 10,33T 0.28 0.15 0.005 < 0.005 
Sprat 	................. 14,28 0.24 0.34 0.013 < 0.005 
Cod 	.................. 2,6+ 0.03 0.01 < 0.005 < 0.005 
Flounder 	.............. 2,4w 0.11 0.13 < 0.005 <0.005 
2.1.2 Baltic 	herring 	.......... 8 0.28 0.12 
Cod 	.................. 2 0.41 0.09 
Flounder 	.............. 2 0.07 0.03 
4.1 Pike 	.................. 4 0.04 0.03 < 0.005 < 0.005 
Baltic 	herring 	.......... 20 0.11 0.06 <0.005 0.005 
Cod 	.................. 1 0.005 < 0.005 < 0.005 < 0.005 
4.3 Pike 	.................. 14 0.05 0.02 < 0.005 < 0.005 
The number of fish analysed for PCB and .L-DDT 
In the areas heavily polluted by mercury the mercury content in pike correlates with 
the weight of the fish. The values calculated for »standard pikes» are used to illustrate 
trends in mercury contents. The mercury concentrations in »standard pikes» in the 
three most polluted sea areas of the Gulf of Bothnia, ie. the Eurajoki, Pori and Oulu 
sea areas show a decreasing trend (Table 6). The first pollution control measures 
taken by industry to terminate or reduce mercury release were introduced in all 
these areas at the end of 1967. 
TABLE 6. Mercury concentrations in a »standard pike» (1 kg), mg/kg wet weight. 
(n) = number of fish analysed 
Area 	 1967 	1968 	1970 	1971 	 1974 	1975 	1977 
2.1.1 ............ 	1.3( 3) 	 2.1( 5) 	 0.6(5) 
2.1.2 ............ 	0.9(10) 1.0(15) 	0.9(8) 	0.7(13) 	 0.8(4) 
4.2 ............. 0.8(10) 	1.2(5) 	1.0(19) 0.6(9) 
DISCUSSION 
The sea areas of the eastern Gulf of Bothnia polluted by heavy metals are off Eurajoki, 
Pori, Kokkola and Oulu. The few results of chlorinated hydrocarbons show lower 
concentrations in the Bothnian Bay than in the Quark or the Bothnian Sea. Fish have 
even been observed to carry pollutants to unpolluted areas. 
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The differences between the levels of toxic substances in various coastal areas of 
Finland show that bottom sediments and aquatic organisms can be used to establish 
and monitor the areas polluted by toxic substances. The systematic monitoring of 
concentrations in fish has already been started. Other aquatic organisms and bottom 
sediments must also be monitored, and the areas close to the pollution sources studied. 
For the effective use of the data available in Finland the National Board of Waters 
has established a computer register for toxic substances in waters, sediments and 
aquatic organisms. A sample bank of frozen fish including samples from the Gulf of 
Bothnia has also been established. 
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BIOACCUMULATING SUBSTANCES - MAINLY DDT AND 
PCB - IN BIOTA IN THE GULF OF BOTHNIA 
Mats Olsson 
Swedish Museum of Natural History 
S-104 05 Stockholm 50, Sweden 
Investigations conducted in Sweden concerning the levels of DDT and 
PCB substances and mercury in biota in the Gulf of Bothnia and the 
Baltic proper are summarized. Baseline studies on littoral and pelagic fish 
species are reported. No important differences are noted in levels of DDT 
and PCB between littoral fish species from the Gulf of Bothnia and the 
Baltic proper. Herring, however, shows significantly higher levels of DDT 
in the Baltic proper. Some explanations for the difference between pelagic 
and littoral fish are discussed. The results of a study of a cross section 
of the coast of Sweden are summarized. Pike was collected and analyzed 
for DDT, PCB and mercury. Monitoring studies on guillemot indicate 
that mercury levels in the Baltic Sea are more of less normal. DDT 
levels, but not PCB levels, seem to be decreasing. It is important in the 
planning of a monitoring programme to consider the seasonal variation of 
PCB recently found in roach. A three-fold increase in PCB levels was found 
in roach in spring. 
Some effect studies are summarized. Firstly, DDT substances have reduced 
eggshell thickness in predatory birds in the Baltic. Secondly, PCB seems to 
cause a decrease in the rerproductive rate in salmon. Finally, PCB affects 
mammalian reproduction. Field studies on seals, and laboratory investigations 
on mink show that PCB levels comparable to the levels found in Baltic Sea fish 
reduce reproductive capacity. Today only about 25 % of the Baltic sea] popula-
tion can reproduce. 
INTRODUCTION 
The limited water exchange within the Baltic area is an important cause of the high 
levels of some bioaccumulating substances in Baltic biota. The presence of bio-
accumulating substances or substances with a high accumulation rate and high 
persistency or low degradation rate are so extensive that there is a risk of ecological 
effects on biota in the Gulf of Bothnia and other parts of the Baltic Sea. 
v 
v ,ID  
II 
228 
Fig. 1. Map showing the location of the collec-
tion areas in the Swedish baseline programme 
1969-1971. 
Most investigations have been concentrated on DDT and PCB substances, 
although some heavy metals such as mercury have also been studied. Acute toxicity is 
rather low in both DDT and PCB substances; nevertheless, their persistency is such 
that they vill increase either with time or stepwise through the food web to such levels 
that ecological effects can be expected. 
Furthermore, the relatively low amounts of nutrients in the Gulf of Bothnia give 
a low biomass. This means that bioaccumulating substances contaminating the Gulf 
of Bothnia have a small biomass into which they can be dissolved. Thus the levels in 
the biomass or biota are higher here than if the same amount of bioaccumulating 
substances were contaminating an area with a larger biomass. Finally, the low tempera-
ture in the Gulf of Bothnia will probably cause slower metabolisation and degradation 
of bioaccumulating substances than in an area with a higher temperature. 
This paper will summarize some results obtained in Sweden from baseline, 
monitoring and effect studies on bioaccumulating substances mainly DDT and PCB. 
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BASELINE STUDIES 
The distribution and relative amounts of DDT and PCB substances in marine animals 
in Sweden have been investigated since the late 1960's. The distribution of relative 
amounts of DDT and PCB have been investigated in pelagic organisms such as 
herring (Chpea harenegrrs) and »yellow» or young eel (Avg/il//a alrguilla, Jensen et al. 
1972 a and Jensen et al. 1975). (Fig. 2.) The results of these investigations can be 
summarized as follows: in pelagic fish in the Gulf of Bothnia DDT levels are approxi-
mately the same as PCB levels; in the Baltic proper, however, DDT levels are roughly 
twice as high as PCB levels (Fig. 2 a.) In littoral fish such as pike and eel there is some 
local variation in the levels recorded, although, as a rule, the DDT levels are more or 
less the same as the PCB levels throughout the Baltic Sea area. No significant increase 
or decrease from south to north can be detected in PCB levels (Figs. 2 b and c). The 
levels found in littoral fish species suggest that, apart from local variations the surface 
water is polluted to roughly the same extent throughout Baltic area. The higher 
levels of DDT than PCB found in herring in the southern Baltic Sea may be 
due to the more serious DDT pollution of the deep basins in the Baltic proper. 
Since herring has an important feeding area in the stratified layers between the 
surface and bottom waters it will be contamined in both the surface and bottom 
waters. This implies that within the Baltic proper, where deep basins are more 
common, herring represents pollution conditions that partly reflect conditions in 
the deep basins. In the Gulf of Bothnia, on the other hand, where deep basins are 
more rare, pelagic and littoral fish tend to live in the same surface layer, and thus 
there is no big difference in their pollution patterns. 
In another study, a cross section of a part of the coast of Sweden was investigated 
(Olsson & Jensen 1975) (Fig. 3). Pike from the archipelago of Stockholm were 
investigated for DDT, PCB and mercury levels. The results can be summarized as 
follows: the PCB and mercury levels decreased from the inner part of the archipelago 
towards the open sea. The DDT substances show a somewhat different pollution 
pattern: DDT was more or less constant through the cross section; the metabolites, 
DDD and DDE, decreased significantly outwards. The results indicate that the higher 
biomass close to Stockholm degradates DDT to DDE and DDD and that the pelagic 
part of the Baltic is so polluted by DDT that local influences do not notably increase 
the levels of biota. Similar results have been reported by Linko et al. (1974) from the 
archipelago of Turku. 
Very few comparable investigations have been carried out on the distribution of 
mercury levels in the Gulf of Bothnia. In general, investigations on biota in the Baltic 
pelagic area do not indicate any serious contamination of pelagic biota by mercury. 
Local increases of the coast have been reported from several areas in the open sea 
mercury seems to be at roughly the same level as during the 1920's. Feathers taken 
from guillemots off Gotland in 1970 indicated a two-fold increase in mercury levels 
over the level in 1920-25 (Jensen et al. 1972 b). 
FInv 
!0 
0 
5 
Eel 
C  
6 
Fl , 	I 
4 i I III 	Ill 
2 I 
I 
I 
I 
II III  
I 	II i 	III 1 lY 	V 	VI VU I VIII I I% x 	åI 
H 
0 
U 
I 	I N I 4 
w I 
a 
0 
I 	I 
I FO 
I 
Q 
å l ro 
I 
o 
l 	I 
I 	y 	I 
U 
t" 
I 	n Q 	I 
I 	7 
O 
H 
3 d 	I ¢ I 	i 
in I 	:O `U I 	zt  U 
Fig. 2. Mean levels of DDT substances (black bar) and PCB substances (white 
bar) in extractable fat from fish sampled during the Swedish baseline programme 
1969-1971. 
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Fig. 3. Mean levels of DDT and PCB substances in extractable 
fat and mercury (Hg) levels in fresh backmuscle of pike. The fish 
was collected along a cross section of the archipelago of 
Stockholm from the inner part outwards. 
Since 1970, however, mercury levels have decreased in mid-Baltic, and owing to 
the feeding habits of guillemots this seems to be the trend throughout the Baltic 
(Fig. 4). (Jensen of al. 1976). This decrease is not fully understood, although it seems 
probable that one explanation may be the reduced use of phenyl mercury in the 
paper and pulp industry production. 
MONITORING STUDIES 
In the Gulf of Bothnia, a Swedish team is monitoring littoral fish such as pike and 
yellow eel and pelagic organisms (herring and seal). Investigations on trends in DDT 
and PCB pollution are not yet complete; nevertheless, some results from the Baltic 
proper have been analyzed and there is reason to believe that the trend is more or ]ess 
the same in the Gulf of Bothnia. As mentioned earlier, in mercury variation and 
reduced mercury levels were observed in guillemots in the Baltic proper during the 
period 1968-75 (Jensen et al. 1976) (Fig. 4). Furthermore, during the same period 
DDT substances seemed to decrease and PCB to be more or less constant (Fig. 4). The 
Swedish OECD studies (OECD Wild Life Sampling and Analysis Programme) have 
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Fig. 4. Mean levels of DDE and PCB in extractable fat, and mercury levels in fresh guillcmot egg 
tissue. Teri eggs have been collected annually from Stora Karlsö. Ninety-five percent confidence 
intervals are given. 
shown the same trend in herring collected annually in the Åland Sea and beyond the 
archipelago of Karlskrona. 
A seasonal PCB variation has recently been noted in some fish, e.g. in roach, a 
lean fish species. Olsson et al. (1978) report a three-fold increase in the levels of PCB 
in roach collected from Lake Roxen in spring (Fig. 5). This increase is of short 
duration and after about 2 months the PCB levels are back to the more or less con-
stant base level. A number of explanations have been put forward, but the most 
probable is erosion by spring flow of the bottom sediment in the feeder streams. This 
erosion implies transport of PCB-contaminated particles in which PCB:s are adsorbed 
or absorbed. It is not known if the same is true in river mouths in coastal areas; the 
mechanisms should, however, be of general validity and thus there is a risk of erosion 
in rivers along the coast in spring, and a concomitant increase in the levels of PCB in 
fish. It seems reasonable that there is less risk of such a rapid and large increase in the 
levels in a fatty fish such as herring. Monitoring samples ought to be collected from 
biota at a time when the ecosystems are as stable as possible, e.g. late summer 
or early autumn. 
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Fig. 5. PCB levels iu extractable fat of roach muscle (thin line) and the monthly mean 
flow in the three main feeder streams in Lake Roxen (thick line). Hatched line indicates 
missing sample. 
EFFECT STUDIES 
DDT substances have long since been reported as a cause of thin eggshells in some 
predatory birds. In the Baltic environment, investigation on razorbills (Alta torde) and 
guillemots (Urta aalge) indicate a 10-15 % decrease in eggshell thickness (Andersson 
et al. '1974, Hedgren et al. 1978) (Fig. 6). A similar decrease in eggshell thickness has 
been noticed in the white-tailed eagles (Helander et al. 1978). In all these species the 
levels were between 100 and 1 000 ppm of DDT substances in the fat extracted from 
eggs. 
PCB has been suspected to cause a decrease in the reproductive rate in salmon 
(Johansson et al. 1970). The concentrations that cause 80-100 % mortality in the 
captive salmon in a salmon hatchery are present in 5-10 % of the natural Baltic 
30 1278020337 
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Fig. 6. Eggshell thickness in eggs of the razorbill collected in the Baltic area 
during the period 1860-1972. 
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Fig. 7. Afortality and PCB levels in salmon eggs. Each clot indicates one 
female. 
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salmon population (Fig. 7). PCB has also been found to cause a decrease in the repro-
ductive rate in mammals. Laboratory investigations on minks (Mrisiela visoti) show 
that minks fed a diet with roughly the same PCB levels as the diet of Baltic seals 
have a seriously reduced reproductive capacity (Fig. 8) (Jensen et al. 1977). The 
levels of PCB in the blubber of minks after parturition were of the same magnitude 
as those normally found in Baltic otters and seals (Olsson 1977, Olsson et al. 1975). 
Furthermore, it has been found in a joint Finnish-Swedish study that 40 % of the 
seals in the Gulf of Bothnia have pathological changes in the uterus. The uterine 
horns are closed by occlusions or stenosis and normal pregnancy seems impossible. 
(Fig. 9) (Helle et al. 1976). These changes are suspected to be an outcome of serious 
PCB pollution in the Gulf of Bothnia and the Baltic in general. A significantly higher 
level of PCB was found in females with these pathological changes than in normally 
pregnant fetreales. The fore-mentioned investigation on minlo show that, although 
implantation is normal, maceration or abortion of the foetuses takes place during 
gestation. 
Finally, an observation of importance for future monitoring studies was noted 
during the investigation on minks: animals given PCB not only increase their levels 
of PCB but also their levies of some heavy metals. One control group and one test 
group — where both groups were of the same age and from the same farm — were 
given the same food. The only difference was that PCB was added to the food of the 
PCB 1' I (pan) 
Fig. 8. Mean number of implantations and whelps per bitch in three test groups 
of mink given different daily PCB doses. The mean levels of PCB in extractable 
fat of blubber from the bitches are given. About 25 specimens per group. 
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Fig. 9. A schematic image of (A) a 
uterus with occulusion and (B) a 
normal non-pregnant uterus. Figure by 
Ch Hammar. 
test group. After 66 days, it was found that the cadmium concentration was signifi-
cantly higher in the kidneys of the test group than in the control group (Jensen et ol. 
1977). 
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